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ABSTRACT 
 
Polarization mode dispersion (PMD) is stochastic in nature and continues evolving 
in an unpredictable manner according to the changing environment.  Nonlinear 
birefringence in multichannel systems alters the polarization states of the bits, so 
that they vary from one bit to the next in a way that is difficult to predict. These are 
the two major signal-impairment effects that are inherent in optical fibre 
transmission links which can seriously degrade network performance.  It is 
therefore extremely challenging to compensate for both linear and nonlinear 
birefringence in multichannel systems. 
 
The purpose of this thesis is to investigate the interaction between PMD and 
nonlinear induced birefringence in a fibre with consideration of mode coupling. A 
sound knowledge of this interaction is necessary in designing a linear and 
nonlinear polarization mode dispersion compensator for WDM systems, as was 
successfully carried out in this study. 
 
The investigation shows that the effect of nonlinear birefringence alone 
depolarizes the signal, while in high PMD links where polarization mode coupling 
is high, the nonlinear birefringence effect couples with second-order PMD such 
that it may reduce the penalty and improve the signal DOP.  Further investigation 
shows that when nonlinear birefringence becomes significant, asymmetry arises 
between the two principal axes of the fibre, such that it is only one axis which 
experiences the effect of nonlinear birefringence.  It is found out that along this 
 vii 
axis, there exists a critical point in pump power where the nonlinear birefringence 
cancels PMD in the link and improves the signal.  
 
An adaptive compensator to cancel PMD and nonlinear birefringence was 
designed based on feedforward DOP-monitoring signal. The compensator was 
tested both at laboratory level and on the Telkom buried fibre link and found to be 
functioning as intended. It was able to adaptively track and compensate PMD in 
the link in less than a second. The compensator was able to cancel PMD in the 
link up to a maximum of 30 ps. The compensator improved the DOP of the worst 
signal by more than 100%.  
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CHAPTER 1 
INTRODUCTION 
 
The optical fibre transmission network has increased the need for signal 
processing. A laudable accomplishment has been to create networks that 
span continents or oceans to interconnect communication assets in major 
urban areas with no need to convert optical signals back and forth to electric 
form.  This is happening at a time when society requires that we have access 
to information at our finger tips when we need it, where we need it, and in 
whatever format we need it. Thus the saying “Technology brings the world to 
the people and takes the people to the world”.  This ever-growing demand for 
the high speed communication has forced networks to use higher bit rates 
and transmission powers. 
 
In the optical telecommunications field, one of the most significant 
developments has been the introduction of the erbium-doped fibre amplifier 
(EDFA) in the late 1980s and early 1990s, which allows all-optical signal 
amplification to take place simultaneously on many wavelengths within the 
1550 nm window. Over the time EDFA has become increasingly sophisticated 
with wider wavelength coverage and higher output powers. Thus, fibre losses 
are no longer a major limiting factor for optical communication systems.  
 
Nonlinear effects have become significant at high optical power levels and 
have become more important since the development of EFDA and 
wavelength division multiplexed (WDM) systems. By increasing the capacity 
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of the optical transmission line, which can be achieved by increasing channel 
bit rate, decreasing channel spacing or the combination of both, the fibre 
nonlinearities come to play an even more decisive role.  
 
The origin of the nonlinearities is the refractive index of the optical fibre, which 
is varying with the intensity of the optical signal. The high signal intensity 
associated with the large number of channels at closely spaced wavelengths 
may introduce problematic nonlinear effects such as four-wave mixing (FWM), 
self-phase modulation (SPM) and cross-phase modulation (XPM). Thus 
intensity-dependent refractive index is a major source of nonlinear 
birefringence whose effect is nonlinear polarization rotation.  However, many 
strategies such polarization multiplexing and interleaving have been employed 
to reduce nonlinear effects in the transmission link. Using orthogonal 
polarization states of light, it is possible to add an extra set of channels to 
those split by wavelength in transmission systems based on WDM. 
 
One of the remaining hurdles to high speed long-haul data transmission is the 
linear birefringence phenomenon of polarization mode dispersion (PMD).  The 
statistical nature makes PMD difficult to measure and to compensate. 
Nevertheless, it is an impairment that can damage a transmission system, 
particularly when the bit rate is larger than 10 Gb/s or the fibre has poor PMD 
performance. 
 
PMD compensation in a multichannel system is extremely challenging given 
that the behaviour of the state of polarization (SOP) in each channel is 
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different in the optical domain.  Generally, PMD compensation must be 
adaptive in order to track and cancel the fast PMD in the link. The challenges 
come when the interaction of PMD and nonlinear effects causes the SOPs to 
rotate faster than the speed with which the compensator could track them, 
and thus destroys the compensation.  It is important therefore to analyze the 
interaction between PMD and nonlinear effects in the transmission system 
and come up with better ways of overcoming the combined effects. 
 
This thesis is arranged as follows. Chapter 2 contains an overview of linear 
effects in optical fibre, followed by chapter 3 which introduces the techniques 
and methods of compensation or mitigation for polarization mode dispersion. 
Chapter 4 covers the review of nonlinear effects in optical fibre. In this 
chapter, causes and effects of nonlinearities on the polarization state in WDM 
channels, the nonlinear polarization evolution in birefringent fibres, and the 
interaction of linear and nonlinear polarization rotation, are reviewed. Chapter 
5 consists of simulation and experimental results of the analysis of interaction 
between PMD and nonlinear birefringence in a WDM system. Chapter 6 starts 
with results of characterization the first-order PMD compensator followed by 
the design, control and results of experimental test of the PMD multichannel 
compensator. Lastly, chapter 7 brings out the summary of the important 
findings of the thesis. 
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CHAPTER 2   
 
LINEAR EFFECTS IN OPTICAL FIBRE 
 
In this chapter we briefly go through the theory of lightwave polarization, 
which provides the background for the study of depolarization in single-mode 
fibre.  Polarization plays an important role in the interaction of light with 
matter.   
 
2.1 Concept of Polarized light 
Polarization is a property of electromagnetic radiation describing the shape 
and the orientation of the electric field vector as a function of time, at a given 
point in space.  
 
If light is assumed to propagate in the positive z-direction, the real 
instantaneous electric field vector can be written as a superposition of two 
orthogonal components in time t [1] as 
 
                              
)i(
eE  )i(eE  )(  yy0yxx0x φ t -zβφ t -zβtz,     )()( ++ += ωωωω jiE    (2.1) 
where )(n   )( β yx,yx, ωωω c= , Eox and Eoy are the maximum amplitudes in the x- 
and y-axis, ϕx and ϕy are the corresponding phases respectively, ω is the 
angular frequency, c is the speed of light and n is the refractive index of the 
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waveguide. The equation of the locus of E is obtained by eliminating t in Eq 
(2.1) and assuming that z= 0, setting φ = φx - φy, thus 
 
 ( ) ( )
                                    φsinφcosE  E
E E
2 E
E
  E
E 2
oy
y
ox
x
oyox
yx
22
      =
+
+





+





    (2.2) 
 
This equation is a representation of elliptically polarized light and the trace of 
the state of polarization (SOP) is as shown in Fig. 2.1.  The angle α is the 
SOP orientation angle relative to the x-axis. 
 
 
 
   
 
 
 
 
 
Fig. 2.1: Elliptically polarized light oriented at an angle relative to the x-axis having 
components of amplitude 2Eoy and 2Eox. 
 
When the phase φ = ±npi (n = 0, 1, 2 …) the ellipse collapses into a straight 
line and it corresponds to a linearly polarized light with a constant orientation 
and varying amplitude.   When φ = ±(2n+1) pi/2, (n = 0, 1, 2 …) there is 
constant amplitude (Eox = Eoy) but varying orientation giving circularly 
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polarized light. Elliptically polarized light has both varying orientation and 
amplitude. 
 
2.2 Jones and Stokes formalism 
Polarized light can be represented by a two-element complex vector; the 
elements specify the magnitude and phase of the x- and y- components at 
any particular point in time.  The following equation represents the Jones 
vector [2]: 
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The Jones vector describes the polarized radiation components of the E-M 
wave. However, in the general case, the propagating wave may consist of a 
polarized component and not polarized component. Therefore, the 
propagating lightwave is well described by the Stokes vector S = [S0, S1, S2, 
S3] in which each of the four parameters is defined in terms of the two 
components ellipticity, χ and the orientation,ψ as 
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The three normalized Stokes vectors s1, s2, and s3 are coordinates on the 
Poincaré sphere that define the unique state of polarization described by 
ellipticity, χ and the orientation,ψ as shown in Fig.2.2. 
    
 
     
   
 
 
 
 
Fig. 2.2: Representation of Stokes parameters on the Poincaré sphere. 
 
On the Poincaré sphere, the poles (where χ = 45o) correspond to the circular 
polarization and the equator (where χ = 0o) represents all linear polarizations. 
The total intensity (polarized and unpolarized light), Itot = S0, while the intensity 
for polarized light,    S  S  S I  321pol ++= . The ratio of intensity of the polarized 
light to the total intensity is called the degree of polarization (DOP) [3], given 
as  
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If DOP = 0, the light signal is not polarized and its Stokes vector will be found 
within the volume of the Poincaré sphere while if DOP = 1, the light signal is 
2χ 
2ψ 
s1 
s2 
s3 
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completely polarized and the Stokes vector will be located on the surface of 
the unit sphere. 
2.3 Linear effects 
There are two linear dispersions in an optical fibre namely, chromatic 
dispersion and polarization mode dispersion (PMD). Chromatic dispersion 
does not form a part of this research hence it will not be discussion further in 
this thesis. 
 
2.3.1 Polarization Mode Dispersion (PMD) 
Single-mode optical fibres ideally are supposed to maintain a single 
polarization state even after long distance transmission. In practice, the 
optical pulse propagates along single-mode fibre in two polarization modes [4] 
due to asymmetry in the fibre cross-section. The consequence of this 
asymmetry of cross-section is the existence of optical birefringence. As a 
result, when light is transmitted through the fibre core, its vector is 
decomposed into two orthogonally polarized components having different 
group velocities. The pulses arrive at the output differentially delayed. This 
difference between the delays is termed as the differential group delay (DGD).  
The DGD is the measure of an effect known as polarization mode dispersion 
(PMD), which is a phenomenon that leads to pulse broadening and system 
impairments limiting the transmission capacity of the fibre [5-6]. 
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2.3.2 Causes of birefringence and mode coupling 
 As we have mentioned earlier PMD has its origin in optical birefringence and 
the causes of this birefringence are the intrinsic and extrinsic perturbations in 
optical fibre.  Intrinsic perturbations include the manufacturing process which 
causes permanent birefringence, while extrinsic perturbations include stress 
(which causes non circularity of the fibre core) and environmental changes 
like temperature and pressure. These factors and the pulse broadening effect 
are illustrated in Fig. 2.3. The perturbations change as the fibre’s external 
environment changes [7-8]. 
 
 
 
 
    (a) 
  
 
 
 
 
 
     
    (b) 
Fig. 2.3: (a) Effect of PMD in a birefringent fibre on optical pulse (b) Factors 
responsible for birefringence in optical fibre. 
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The birefringence difference between the fast and slow modes can be 
expressed as [9]: 
 
               ( )2.9                                                            
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where ω is the angular optical frequency, c is the speed of light and  
∆n = ns – nf is the differential refractive index between the slow and fast 
modes. 
 
The length of birefringent fibre over which a complete revolution of 
polarization takes place is defined as the beat length (see Fig. 2.4), 
alternatively defined as the polarization distance for which the polarization 
state rotates through one cycle. The beat length is given by 
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Fig. 2.4: Schematic illustration of polarization evolution and beat length 
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Polarization mode coupling  
In long fibres with various kinds of extrinsic and intrinsic perturbations as 
mentioned above, there are random variations in the axes of the birefringence 
along the fibre length, causing random coupling of the two modes, known as 
polarization mode coupling. Mode coupling can also develop in long 
transmission systems, where the fibre link is composed of a large number of 
segments of single mode fibres having random lengths and random fusion 
angles between them.  Each of these segments has its own slow and fast 
modes and a portion of the signal propagates on each of them.  At the 
boundary between the sections, the polarization vectors will be resolved into 
new pairs of local modes belonging to the next segment.  The process of 
rotating the polarization vector into the new modes of the following segment is 
also known as mode coupling. Mode coupling becomes an issue for lengths 
longer than 100 m [10].  In general, PMD is caused by the birefringence in the 
fibre and is complicated by mode coupling in the fibre link. 
 
The mode coupling process allows the DGD to increase proportionally to the 
square root of the length of the fibre link [11]. Similarly, the polarization mode 
dispersion coefficient is defined as the PMD divided by the square root of fibre 
length (measured in ps/√km). The DGD does not increase linearly with highly 
mode-coupled fibres because occasionally, the coupling between segments 
reduces the accumulated DGD i.e. when the slow mode of one segment is 
aligned with the fast mode of the next or previous segment, the DGD of both 
segments will cancel out.   It is the mode coupling phenomenon which makes 
the DGD and the fast and slow modes of the fibre to be frequency dependent 
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[12]. The statistical properties of PMD shows that the evolution of DGD at a 
particular frequency over time yields a Maxwellian probability function given 
by [13] 
 
      
( ) ( )2.11                                               
2
3
-exp  63  PDF   2
rms
2
3
rms
2






∆
∆
∆
∆
=∆
τ
τ
τ
τ
pi
τ  
where ∆τrms = <∆τ2>1/2 . 
In the absence of polarization dependent losses, the input (output) states of 
polarization launched into the two propagation modes are mutually orthogonal 
because there is nothing to break the degeneracy in the two supported 
modes.  These states of polarization are commonly referred to as principal 
states of polarization (PSPs) [14]. In a graphical representation of polarization 
states, PSPs are located in diametrically opposite points on the Poincaré 
sphere’s surface. The DGD measured as a differential transmission time, ∆τ, 
at any given wavelength of two undistorted signals polarized along orthogonal 
states of polarization constitutes what is known as first-order effect of PMD 
(FOPMD). 
 
In other words, the PSP is defined as that input polarization for which the 
output state of polarization is independent of frequency to first order, i.e., over 
a small frequency range (bandwidth).  It implies that any change of frequency 
within this bandwidth will not change the output polarization.  Therefore DGD 
is frequency dependent while the PSP is frequency independent if only first-
order PMD effect is being considered. 
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2.3.3 PMD vector 
Based on the observation made in section 2.3.2, the PMD vector Ω

 , is 
defined as follows [15]: 
       
      ( )2.12                                                                                        q τ=Ω  
where τ  is the magnitude of the PMD vector and is called the DGD, while q  
is the unit vector pointing in the direction of the slow principal state of 
polarization. Note that this definition does not follow that adopted by Poole 
[16].  
 
For a polarization-maintaining fibre (PMF) with constant birefringence, the two 
eigenmodes coincide with the two principal axes of birefringence of the fibre. 
Optical pulses polarized along these two eigenmodes have either a maximum 
or minimum group delay. Unlike the PMF fibre, the birefringence of real fibre 
changes randomly along the fibre length in both magnitude and orientation 
[17]. According to Poole and Wagner [14] for narrow-band pulses, there exists 
a set of two orthogonal input states of polarization for which the corresponding 
output states of polarization are independent of frequency to first order. In 
general, an input signal initially aligned with a principal state will evolve 
through varying states of polarization as it propagates, in contrast to an 
eigenmodes in a PMF which propagates unchanged. The relationship 
between the principal states of polarization and DGD in a single-mode fibre 
was statistically determined [18]. The authors found that the DGD increases 
as the square root of the length when the length of the fibre is longer than the 
correlation length of the perturbations. Later, Shieh [19] proved that principal 
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states of polarization exist in random birefringent fibres having random mode 
coupling regardless of the spectral components of the optical pulses. These 
PSPs are effects of the birefringence and mode coupling over the entire fibre 
length, and may not necessarily be correlated with the local fibre 
birefringence. 
2.3.4 Second-Order PMD 
In a fibre having random birefringence, beyond the first order PSPs 
bandwidth, it is known that PSPs are frequency sensitive [14, 20].  It therefore 
means that each frequency sees a different pair of polarization modes and 
undergoes different time delays. Hence DGD becomes frequency dependent. 
In addition, the relative power launched into each of the two polarization 
modes may also vary in time, thus the output signal is distorted. This 
phenomenon is called second-order PMD (SOPMD). 
 
Following the above argument, SOPMD effects are due to frequency 
dependence of the DGD and PSPs [21]. The frequency derivative of equation 
(2.12) then provides the mathematical definition of SOPMD as follows: 
                          
   
          q                    ωωω ττωτω
τ
ω





+=+=
Ω
=Ω qd
qdqd
d
d
d
 
         (2.13) 
where subscript ω  indicates differentiation with respect to frequency. The first 
term on the right  q ωτ represents the polarization-dependent chromatic 
dispersion (PCD), while the second term ωτ q   represents the depolarization. 
The SOPMD vector and its components are shown in Fig. 2.5. 
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(a)       (b)  
 
Fig. 2.5: Definition of SOPMD vector ωΩ

. (a) Poincaré sphere diagram showing the 
PMD vectors )( 1ωΩ

 and )( 2ωΩ

. (b) SOPMD vector and its components. [22].  
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frequency. Theoretical and experimental results have shown that the 
depolarization component is dominant over the PCD component [23]. This is 
also demonstrated in our field measurement results in section 2.5.  
 
Both the DGD and the depolarization correlate in such a way that the 
depolarization rate, ωq 

 is large at wavelengths where the DGD is small and 
vice versa [24].  The impact of second-order PMD on the pulsewidth of the 
signal at the output of the fibre has been studied both in frequency and time 
domain [25-27]. It has generally been concluded that whenever average DGD 
is less than one tenth of the bit period, second-order PMD effect can be 
neglected.  
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2.4 The PMD measurement techniques 
There are three principal PMD features that are of interest to measure, 
depending on application. One feature is the mean DGD [28]; it is the scaling 
parameter necessary to specify the statistics of all orders of PMD.  Another 
feature is the PMD vector as a function of frequency [29]. This vector 
information is necessary to characterize the first- and higher-order PMD of a 
component or a fibre directly. The third feature is the direct measurement of 
the fibre birefringence as a function of position [30-32].  This technique has 
advantage over others. It allows not only measuring precisely the PMD but it 
also gives the complete view on the distribution of the total birefringence 
along the fibre.  
 
2.4.1 Jones Matrix Eigenanalysis (JME) Technique 
The Jones matrix method uses a set of predetermined launch polarization 
states to determine the complex Jones Matrix, T(ω), of the fibre at each 
frequency. An illustration of the JME technique is shown schematically in Fig. 
2.6. Basically, a tuneable laser source is used as the input signal; this is 
swept through a range of wavelengths at the input of the fibre under test, the 
polarization controller generates three linear polarization states at each 
wavelength and the Polarimeter processes the measured results.  
 
     
 
Fig. 2.6: Setup of JME method used for measuring PMD 
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From the Stokes parameters, the response Jones matrix at each wavelength 
is computed. For each wavelength interval, the product of the Jones matrix 
T(ω + ∆ω) at the higher optical frequency and the inverse Jones matrix T-1(ω) 
at the lower optical frequency are computed.  The eigenvalues of successive 
matrix products T(ω+∆ω)T-1(ω) are determined. One can then compute the 
frequency derivative and from this the differential group delay at frequencies 
{(ω+∆ω) + (ω)}/2 is determined using [29] 
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=∆ 2
1
ρ
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                                                            ( )14.2  
where Arg represents the argument function, that is, Arg(ηeiθ) = θ and,  
ρ1 and ρ2 are the eigenvalues of T (ω+∆ω)T-1 (ω).  
At the end of the measurement, several values of DGD are obtained, from 
which the mean DGD is then calculated.  The second-order components, 
PCD and depolarization can also be determined from the angular frequency 
derivative of the PMD vector as outlined in section 2.3.4.  This has been the 
main technique applied in this work to determine the first- and second-order 
PMD as demonstrated in the results to be presented in section 2.6.  
 
2.4.2 Poincaré Sphere Analysis (PSA) Technique 
The experimental setup of PSA is the same as that one used in JME but the 
difference between the two techniques is in the methods of analyzing the 
data. 
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The PSA technique works with derivatives of the measured Stokes vectors 
rather than the polarization transfer matrix. For linear polarization launch 
states at approximately 0°, 45°, and 90°, the corre sponding output 
polarization states are measured at two closely spaced wavelengths. The 
three Stokes parameters (  cˆ and qˆ ,hˆ ) are measured at the output of a fibre as 
a function of frequency.  For a link without PDL, the DGD can then be given 
as [33]. 
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We used this technique to measure second-order PMD at the laboratory. A 
FPMD-5600 Femtosecond PMD analyzer of EXFO in Canada [34] was used. 
The parameters that are measured by the instrument are: the second-order 
PMD vector (this is also known as the dispersion vector velocity (DVV)), the 
DGD, the PSPs and the Stokes vectors.  The components of SOPMD are not 
measured directly but they can be determined using the following equations 
[34]: 
 
                ( ) ( ) ( )2.16                                      larperpendicuparallel VV      22 +=D  
 
where “parallel” refers to the PCD, while “perpendicular” refers to the 
depolarization component. The PCD component is given by 
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           PCD = 2piDVV                                                                   ( )17.2    
 
The depolarization component then can be determined from PCD and DVV.  
 
2.4.3 Advantages and disadvantages of JME and PSA techniques 
Advantages of JME  
The JME method allows one to simultaneously evaluate the DGD, PSP and 
PDL per wavelength in the link. It has high sensitivity and accuracy. It enables 
one to troubleshoot a link by measuring DGD at each wavelength.  
 
Disadvantages 
It is slow in processing results. 
 
Advantages of PSA 
The PSA technique allows a complete dispersion vector to be measured as 
function of wavelength, thus yielding information about the PSPs and higher 
order dispersion. It has high accuracy for both large and small values of PMD 
which is usually being limited by the stability of the device under test. 
 
Disadvantages 
The drawback of the PSA method is that it needs a fast Polarimeter, which is 
usually an expensive instrument. 
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2.5 Comparison of results obtained based on JME and PSA techniques 
In this section the similarity and difference between two instruments that are 
used to measure first- and second-order PMD are demonstrated. The two 
instruments are; polarization analyzer (manufactured by Adaptive Photonics), 
and Femtosecond PMD (FPMD) analyzer of EXFO instruments, known as the 
FPMD-5600, based on the Generalized Poincaré Sphere Analysis (GPSA) 
[33].  The analysis was performed by measuring first- and second-order PMD 
of the emulators at the laboratory.  
 
Fig 2.7 shows the measurement set-ups used.  For the GPSA set-up, light 
from the ASE source passes through a hybrid Michelson interferometer and a 
SOP generator (polarization controller) before it is coupled into fibre link. In 
the JME method, light from a tuneable laser source passes through a 
polarization controller before it is coupled into the fibre link. The polarimeter at 
the end of the link is to measure the power and SOP of each wavelength. The 
link consists of a 24 km spool of standard single-mode fibre and PMD 
emulator made of PM fibre concatenated at random angles. 
 
 
 
 
 
 
 
Fig. 2.7: Experimental setups used to measure second-order PMD based on JME 
and PSA methods. 
Tuneable 
Laser 
Source 
Polarization 
Controller 
JME 
GPSA 
ASE 
Source Interferometer 
SOP 
Generator 
Link 
Polarimeter 
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The measurements were performed in the wavelength range of 1535 to 1565 
nm with a wavelength step of 0.1 nm, yielding 1000 data points.  The results 
obtained are shown in Fig. 2.8 to Fig. 2.10 below. 
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Fig. 2.8: Measurement of first- and second-order PMD using (a) Using GPSA (b) 
JME. The insets in (a) and (b) refer to the DGD data on magnified scales. 
 
   
The average DGD values measured using the JME and GPSA methods were 
6.6 ps and 6.9 ps, while the SOPMD values were 24 ps2 and 47 ps2 
respectively. The DGD measurements using two techniques are identical, 
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while there is a noticeable difference in SOPMD measurements using the two 
techniques as seen in Fig. 2.8(a) and Fig. 2.8(b). The difference is due to the 
fact that the PSA method allows a complete characterization of PMD in a 
spectral range of arbitrary interval, thus yielding more information about the 
PSPs and higher order dispersion. Thus higher accuracy for both large and 
small values of PMD measurements is achieved.  
 
The second-order PMD and its components were compared, as illustrated in 
Fig. 2.9.  The eqs. 2.16 and 2.17 were used to calculate the components of 
second-order PMD; depolarization and polarization dependent chromatic 
dispersion (PCD).  It is observed that the magnitude of depolarization is very 
close to the magnitude of SOPMD. Depolarization is therefore the dominant 
component in SOPMD [35].   
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Fig. 2.9: Variation of second-order PMD, depolarization and polarization dependent 
chromatic dispersion with wavelength 
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As observed in Fig. 2.10(a) and (b), one can obtain unbiased results with a 
smaller error when using GPSA than using JME, this is because the mean 
value of the ratio of depolarization to SOPMD using GPSA is closer to the 
standard value than using the JME method.  The standard value can be found 
in Refs [36-37]. 
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Fig. 2.10: Occurrence of the ratio of depolarization to second-order PMD. (a) GPSA 
(b) JME 
 
 
As a matter of caution, the GPSA based instrument is better for laboratory 
work than field work because it is slow in processing the data. Therefore for 
our field measurements we used the JME based instrument. 
 
2.6 Field measurements of first- and second-order PMD 
 Before compensation was carried out it was necessary to measure the PMD 
on the fibre links.  PMD tests were carried out on twenty deployed fibres, 
connected between two stations at Port Elizabeth, South Africa. The twenty 
fibres were in the same cable and pairs were looped to form a round trip 
distance of 28 km.   
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As was mentioned earlier, the JME technique was used to measure the DGD, 
SOPMD and its components (depolarization and PCD). The measurements 
were performed in the wavelength range of 1530 to 1570 nm with a 
wavelength step of 0.1 nm, yielding 1000 data points. 
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Fig. 2.11: Field measurements of first- and second-order PMD. (a) The PMD 
coefficient in each link, with the dotted line indicating the threshold value for the 
deployed fibres. (b) The average of DGD and SOPMD in each looped link. 
 
Fig. 2.11(a) shows the PMD coefficient in the test fibres used.  The dotted line 
shows the maximum PMD coefficient permissible (0.5 ps/km1/2) if the fibres 
have to carry the data at 10 Gb/s.   None of the fibres is able to pass the test 
for PMD.  This implies that either the old fibres need to be replaced or the 
mitigation/compensation systems are put in the links to counter the PMD in 
the link.  Fig. 2.11(b) shows the average DGD and SOPMD in the link. For 
compensation studies (to be reported in Chapter 6) three fibres with the 
highest DGD were combined (69-70, 73-75, 78-80).  This was to create the 
worst case scenario in the system to be compensated. 
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CHAPTER 3 
 
POLARIZATION MODE DISPERSION COMPENSATION 
 
In this chapter we shall consider the background to PMD compensation and 
review the two basic types of PMD compensators (PMDC). We then move on 
to a brief review of factors that determine the quality of a PMD compensator, 
as well as the optical PMD compensation monitoring techniques that are 
used.  Lastly, we shall review the optical PMDC schemes where the 
compensator is classified according to its versatility and capability. 
 
3.1 Background to PMD compensation 
For many years efforts have been focused on strategies for reducing the 
effects of PMD in optical fibres as it has become evident that some 
commercial fibre optic cables may have PMD values unacceptable for certain 
network upgrade [38-40]. Ongoing strategies have also focused on reducing 
the intrinsic PMD of the fibre by altering the manufacturing process [41-43]; 
this has led to exceptionally low values of PMD in the new generation of 
single-mode fibre being manufactured. 
 
Compensation for PMD effects is the alternative strategy that has led to 
significant increase in PMD tolerance [44-46]. Such strategies include the 
reduction of intersymbol interference (ISI) by electronic equalization in the 
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receiver [47-48] and optical equalization techniques that employ automatic 
polarization control at the receiver or transmitter [44-45, 49].  
Electronic equalizers are applied after optoelectronic conversion of data 
signals. Both polarization modes carrying the noise are mixed on the 
photodiode. Thereafter PMD is assumed as ISI. The equalization is performed 
by using the linear and nonlinear adaptive electronic filters like the decision 
feedback equalizer (DFE) and the feedforward equalizer (FFE) [50-52]. The 
optimized filter transfer function is given by the matched filter characteristics 
to optimize the signal to noise ratio of the data signal [47]. In optical 
transmission, the electrical equalizers can only achieve limited performance 
due to nonlinearity of square law detection of the photodiode especially for 
advanced modulation formats causing loss of phase and polarization 
information [53-54]. 
 
On the other hand, the optical compensators are applied at the end of the 
fibre link output, before the receiver. The simplest compensator consists of a 
birefringent element in combination with a polarization controller (PC) that 
aligns the output SOP vector of the link to the axis of the birefringent element, 
so that the PMD vector can be cancelled.   More detail in this regard will follow 
in the sections below. Successful compensation has been shown by adaptive 
electrical techniques at 10 Gb/s [55], and optical compensation in lab 
experiments and field trials performed at bit rates of 10, 40, and 160 Gb/s [56-
57].  
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3.2 Factors determining the quality of an optical PMD compensator 
The efficiency of a compensator depends on three factors: Firstly, flexibility of 
the system: The system should be adaptive in order to track the link output 
SOPs. Secondly, the system should be fast: Depending on the origin of PMD, 
fluctuations are observed in the time scale from days down to milliseconds 
[58-59]. The compensator should be able to change according to the time 
scale of SOP change.  Thirdly, the number of degrees of freedom (DOF) 
should be small.  The degree of freedom denotes the tuning parameters of the 
compensator which are necessary for adaptation.   The number of DOF is 
most likely to determine the speed of the compensator.  The higher the 
number of DOF, the lower will be the efficiency of the compensator. Suitable 
compensator adaptation schemes are necessary to meet speed and accuracy 
requirements of the system application. But we should also note that a 
compromise for PMD compensator complexity may lead to a limitation of its 
efficiency. 
 
3.3 Optical PMD compensation monitoring techniques 
An optical PMD compensator typically comprises of a polarization controlling 
device, an optical delay element (e.g. polarization maintaining fibres [44], [60], 
LiNbO3 delayline [61] and Bragg gratings [62]) and an optical or electrical 
detector which provides control signals to the optical components based on 
information about the link's PMD. 
 
Every PMD compensator that uses a feedback/feedforward control system 
requires some sort of distortion detection. The distortion detector monitors the 
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quality of the signal, and sends the information to the control algorithm; the 
control algorithm uses this information to adjust the parameters of the PMD 
compensator to match it to the current SOP of the signal or PMD vector of the 
link. A summary of the monitoring techniques used in feedback based, optical 
PMD compensation systems are given below. 
 
3.3.1. Radio Frequency (RF) signal  
This technique uses the power levels of specific tones in the received RF 
spectrum of the baseband signal [63]. Generally, PMD causes a reduction of 
power in the main lobe of the received baseband spectrum and therefore, the 
amount of PMD to be compensated for can be estimated by measuring the 
power level of a single tone that can give an unambiguous estimate of PMD. 
A drawback of using the above described technique is that the required 
hardware is bit-rate dependent. The photo-detector, band-pass filter, RF 
amplifiers etc can be used for one data rate only. 
 
3.3.2 Degree of polarization (DOP) of the received optical signal 
The DOP of a signal at the receiver end depends on the DGD of the system, 
the polarization splitting ratio and the signal pulse width.  As the width of the 
pulse decreases, the DGD monitoring range provided by DOP monitoring 
decreases as well. The pulse splitting induced by PMD results in a time-
varying state of polarization along the pulse, this therefore reduces the DOP 
(since DOP is a measure of the amount of optical power that is in the 
polarized state). The definition of DOP is based on the Stokes parameters (as 
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shown in section 2.2), and is routinely measured by a polarimeter-based 
instrument.  A DOP ellipsoid has been used as a PMD monitor for 
compensation [64]. In this case, the transmitter provided polarization-
scrambled pulses which passes through the fibre link and the polarimeter 
measured the pulse-averaged output SOPs of the signal.  In this way the 
effect of PMD for input polarizations was sampled all over the Poincaré 
sphere. The nature of the ellipsoid is such that it provides information about 
both the PSPs and DGD of the link being monitored as indicated in Fig.3.1. 
The DOP of unity corresponds to the output of either the slow PSP or fast 
PSP.  The DGD of the fibre is related to the minimum DOP of all the ellipsoid 
points.  
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  (a)    (b)           (c) 
Fig.3.1:  Ellipsoid for (a) Patch cord with negligible DGD (b) PM Fibre showing the 
PSPs (c) Emulator with DGD of 8 ps 
 
The DOP as a monitoring parameter has also been used in multi-channel 
systems. Averaged-DOP monitoring of WDM channels for PMD compensation 
was demonstrated [65], where the DOP of each channel was measured and 
the DOP for all channels was averaged to yield a single monitoring signal for 
a single compensator. A DOP-based PMD monitor for subcarrier multiplexing 
(SCM) systems that has enhanced DOP sensitivity to DGD/PMD was 
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demonstrated [66]. The technique of optical filtering to improve the 
performance of DOP-based DGD monitoring was applied to equalize the 
optical power of the carrier and two sidebands. Using this method the DOP 
sensitivity to DGD was doubled.  This is the technique that was applied in our 
experimental work. 
 
Generally, the DOP has several advantages as a signal monitor; 1) it is data 
rate independent [65]; 2) it does not need high speed electronics; 3) it can be 
applied to both feedback and feedforward PMDCs; 4) it is simple (DOP 
evaluation reduces hardware complexity); and 5) it is unaffected by chromatic 
dispersion. Unfortunately, DOP measurements as a function of DGD suffer 
from the following disadvantages 1) there is a small DGD monitoring window 
when measuring a short pulse return-to-zero (RZ) signal; 2) there is lack of 
sensitivity when measuring a non-RZ (NRZ) signal.  
3.3.3 Receiver eye diagram 
The effect of polarization mode dispersion on a transmission system is to 
cause eye closure which reduces the optical signal-to-noise ratio and 
increases the likelihood of transmission errors.  The purpose of the PMDC is 
to try and maintain the eye opening. PMD compensation therefore can also be 
controlled using an eye monitor as feedback signal. This technique is based 
on inter-symbol interference caused by PMD in the link. The received eye 
diagram is monitored and a control signal based on the amount of eye 
opening is generated. One of the earliest demonstrations of eye monitoring 
was by Buchali et al [67] who used a SiGe integrated chip consisting of two 
decision circuits as the eye monitor, which had a high correlation to the BER. 
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Ideally, the PMDC should optimize the BER but since the BER signal cannot 
be measured with high accuracy within a short period of time, it cannot be 
used directly as a quantitative representative of PMD. More recently, the 
performance of a one-stage PMD compensator with different feedback signals 
was studied [68]. It was found that the eye opening as a monitor has the 
strongest correlation with BER, while the DOP had the worst correlation with 
BER. However if an optical filtering technique could be used [44, 66], the 
correlation between DOP and BER could improve. The DGD also was found 
not strongly correlated to the BER. 
 
3.4 PMD compensation schemes 
In this thesis, we have classified the PMDC into three categories: first-order 
PMDC, second-order PMDC and multichannel PMDC.  The PMDCs are 
reviewed according to these classes. 
 
3.4.1 First-order PMDC 
The effect of first-order PMD alone is to split the signal into two, delaying one 
part with respect to the other. This effect is minimised when the input 
polarization state is aligned with a PSP and maximised when the two PSPs 
are equally excited. 
First-order PMDC may be divided into two classes, the fixed delay PMD 
compensation and the variable delay PMD compensation. Fixed delay PMDC 
was among the first PMD compensation techniques to be experimentally 
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demonstrated [44, 49]. The compensator was inserted at the receiver end of 
the transmission link as shown in Fig. 3.2. 
 
 
 
 
 
 
 
Fig. 3.2: Block diagram of fixed delay polarization mode dispersion compensator. 
Grey line indicates the fibre while the red line indicates electrical connection. 
 
 It consists of the PC and the polarization maintaining fibre or any fixed delay 
line. The PC aligns the output PSPs from the fibre link to the axis of PMF. In 
addition a feedback control signal was included to dynamically adjust the PC 
to achieve the best compensation performance. The concept used here is that 
the effect of PMD can be eliminated by confining the signal entirely to a single 
PSP.   
 
Subsequently, Xie et al [69] showed analytically that there was an optimum 
delayline (polarization maintaining fibre) length for the PMD compensator and 
that this length decreased with increasing bandwidth. This implies that the 
larger the length of the birefringence fibre, the larger the induced SOPMD, 
which tends to degrade the overall PMD compensation performance. The 
fixed delay PMDC therefore can cause a risk of feedback loops trapping a 
locally-optimized state [61].  
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A more complex first-order PMDC was proposed to replace the fixed delay 
with variable delay, in order to detect and prevent being trapped in a non-
optimum operation state and also to counter different amount of DGD values 
[45]. Fig. 3.3 shows the block diagram of such a first-order PMDC. The 
compensator comprised of a fast electro-optic polarization controller which 
connected the output of the transmission fibre to the input of a variable delay 
line.  The output of the variable delay line was coupled to a motor-driven 
detector, which measured the PMD-induced distortion at the output of the 
compensator and generated a feedback control signal for the polarization 
controller and delay line. The control signals for the variable delay line and the 
polarization controller were based on the power level of the received base-
band spectrum.  
 
 
 
 
 
 
 
Fig. 3.3: Block diagram of first-order PMDC with variable delayline. 
 
 Using this design, Rosenfeldt et al. [70] demonstrated a 10 Gb/s PMDC using 
a polarization controller operated by a step motor and a variable delayline 
which was able to generate a maximum DGD of 140 ps. The BER was used 
as a control signal. A similar first-order compensator configuration was 
designed and tested in our Optical Fibre Laboratory. In this design [71], the 
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polarization controller adjustment was achieved by use of a feedback loop 
controlled by the DOP of the signal.  
 
Ono et al [72] described another approach to first-order PMD compensation 
known as the PSP transmission method. It is a pre-compensation method in 
which a polarization controller is used to align the SOP of the input optical 
signal with either the fast or slow PSP of the fibre link.  This method is not 
efficient since the control signal is tapped at the output of the fibre link and 
looped back to the input of the fibre.  Depending on the length of the link, the 
loop may increase compensation time, hence making the compensator 
inefficient.  
 
Other possible ways to compensate for the first-order PMD have been 
proposed, including the exploitation of planar lightwave circuits [73], 
electronics equalization [74] and high birefringence Bragg gratings [75-76]. 
 
3.4.2 Second-order PMDC 
After eliminating the first-order PMD effect, the system performance is 
essentially limited by the residual higher order PMD [77]. Therefore, higher 
order PMD compensation is desirable. When the bit rate is increased above 
10 Gb/s, the bandwidth of the signal becomes larger than the valid limit of 
first-order approximation, the so called PSP bandwidth [78]. In this case, the 
higher order PMD affects the various polarization and frequency components 
differently. In particular, as a result of second-order PMD, various spectral 
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components undergo a differential polarization change (depolarization), and a 
polarization-dependent chromatic dispersion (PCD) [79].   
 
Several higher order PMDCs have been demonstrated and analyzed [81-91]. 
They are based on the principle that higher order PMDC can be achieved 
through the cascade of first-order PMDCs as shown in Fig. 3.4. The greater 
the number of stages, the more accurate the compensation; however, the 
high number of DOF also increases the complexity of the system while 
lowering the response time. This can be a problem because if there are fast 
changing SOPs in the link, the compensator may not be able to track the 
SOPs. 
 
 
 
 
 
 
Fig. 3.4: Block diagram of two stage compensator for compensation of first- and 
second-order PMD. 
 
The feedback configuration suffers from slow response time since it requires 
dithering of the signal to find the optimal point [58]. On the other hand, the 
feedforward configuration does not require dithering and its response time is 
fast, but requires polarization scrambling at the transmitter end. Feedforward 
technique is based on determining the PSPs of the fibre link and aligning 
them to the axis of the delayline using the polarization controller. For a fixed 
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single input SOP, one polarimeter measurement is not sufficient to determine 
the PSPs. Therefore, polarization scrambling is necessary to acquire multiple 
polarimeter measurements at the output of the fibre link at various input 
SOPs.  
 
One of the first PMD compensators based on the feedforward control 
technique was reported by Rosenfeldt et al [91].  In this demonstration, the 
SOP of an optical source was scrambled at the input of the fibre, and the 
continuous DGD monitoring was realized by a polarization-resolved 
evaluation of the DOP. By making use of a lookup table, the DGD value was 
inferred and fed forward to a variable delayline in order to set the appropriate 
parameters for the compensator.  The feedforward compensation technique 
based on PSP characterization and realignment was also demonstrated in 
Ref [92-93]. In this case the fixed delayline was used and by measuring the 
DOP and SOPs at the receiver end, the orientation and magnitude of the 
PSPs were determined.  L. S. Yan et al [94] took this idea one step further 
and proposed a feedforward PMD compensator comprising a two polarization 
scramblers, one at the input of the link to scramble the input SOPs and 
another one at the end of the fibre link followed by the polarization dependent 
loss element. The measured RMS power fluctuation value through the PDL 
element was used as a control signal to the compensator. The analysis 
showed that this configuration is capable of compensating for PMD in a WDM 
system, in which an optical filter can scan across the entire wavelength range.  
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The use of a multistage compensator is another interesting idea that has been  
proposed.  For example, Miao et al [95] reported a feedforward PMD 
compensator with four DGD elements and four polarization controllers. The 
required rotation matrix of the PCs was analytically determined, and Monte 
Carlo simulation was used to investigate the robustness of the compensator.  
The scheme proposed may not be practically workable because of the seven 
degrees of freedom. 
 
With the introduction of WDM systems, where many channels are launched 
into the fibre, and compensation at channel level is need, the first- and 
second-order PMDC are inadequate.   This leads to the next section where 
Multichannel PMDC will be reviewed. 
 
3.4.3 Multichannel PMDC 
Most of the PMD compensation of the low-order (first- and second-order) 
PMD that have been discussed above are restricted to low power signals. 
However, as the bandwidth of telecommunication systems and transmission 
distance increases, all-order PMD effects become increasingly important. In 
addition, nonlinearities caused by high optical power in channels, makes the 
PSPs power dependent, therefore making it impossible to use first-order PMD 
compensators in multichannel systems [96].  
 
The feasibility of using a single compensator to compensate several channels 
at the same time was investigated and experimentally tested by Khosravani et 
al [97]. The technique was based on compensating for the worst-performing 
 38 
channel at any given time and did not require demultiplexing of the channels. 
The multichannel optical equalizer mitigating intersymbol interference for 40 
Gb/s NRZ signals was also demonstrated [98]. The authors made use of the 
two single-mode connected Mach-Zehnder interferometers (MZIs), where the 
amplitudes and phases of the two satellites were adjusted by varying the 
coupling ratios of the MZIs’ adjustable input and output couplers as well as 
fine-tuning the path-length difference in each MZI.  However, the drawback to 
single-mode-connected MZIs is that they have an intrinsic loss which could 
lower the efficiency of the compensator. Song et al [65] demonstrated a multi-
channel PMD compensation based on the average DOP of all the channels as 
the monitoring signal; it was used to compensate for four 10 Gb/s channels for 
both non-return-to-zero (NRZ) and return-to-zero (RZ) modulation formats.    
Averaged-DOP technique could not work well because some channels are 
depolarized where at first were polarized. 
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CHAPTER 4 
 
NONLINEAR EFFECTS IN OPTICAL FIBRE 
 
A good understanding of the causes and effects of nonlinearities on the 
polarization state in wavelength division multiplexing (WDM) channels is 
required before tackling the challenges of compensating for PMD and 
nonlinear birefringence simultaneously. After the introduction to WDM, we 
give a brief review of the origin of nonlinear birefringence. An overview of the 
mathematical representation of the pulse propagating in a fibre carrying high 
intensity is presented. A review of the nonlinear polarization evolution in 
birefringent fibres then follows. The interaction of linear and nonlinear 
polarization rotation is also reviewed. Lastly, the work done on the effects of 
XPM polarization fluctuations on PMD compensation is reviewed. 
 
4.1 Wavelength Division Multiplexing 
In the early years, field-deployed systems were limited to transmitters and 
receivers at the two ends of the optical fibre communication link, which is 
known as a standard simplex point–to-point optical link [99]. This is illustrated 
in Fig. 4.1(a).  In order to increase the number of signal carriers using simplex 
links, the signals from different light sources are used with separate and 
uniquely assigned optical fibres, as illustrated in Fig. 4.1(b). This arrangement 
is called spaced-division multiplexed link.  With the development of distributed 
feedback (DFB) laser sources having defined wavelengths [100], and filters 
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that combine and separate closely spaced wavelengths [101], one can use 
independent and appropriately spaced wavelengths to send many channels 
over the same fibre, as illustrated in Fig. 4.1(c). 
 
 
(a)       2.5 Gb/s 
 
 
   
      
 (b)        4 x 2.5 Gb/s 
 
 
 
  
    
   (c)    4 x 2.5 Gb/s 
Fig. 4.1: (a) Standard simplex point–to-point optical link consisting of three optical 
fibre links separated from each other by optoelectronic regenerators (OER). (b) 
space-division-multiplexed link using 2.5 Gb/s transmission in four separate fibres.  
(c) introducing WDM achieves the same capacity as in (b) but with only one fibre link 
[102]. OA: optical amplifier. 
 
WDM started playing a major role in telecommunications networks in the early 
1990s. This resulted from the surge in demand for high-capacity links and the 
limitation of the installed fibre plant in handling high-rate optical signals over 
any substantial distance [103]. WDM therefore is more cost-effective; this 
most important advantage comes because instead of a large number of 
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electro-optic regenerators, a small number of optical amplifiers are used.  If 
more channels are to be added and if there is a need to upgrade to higher bit 
rates, WDM has an edge over other systems because there is no need to 
install new fibres. Hence WDM is the choice that gives additional cost 
advantages.  
 
The enabling technology for the cost-effective implementation of WDM was 
the creation and  improvement of various passive and active optical 
components used to combine, distribute, isolate, and amplify optical powers at 
different wavelengths. The key enabler was erbium-doped fibre amplifier 
(EDFA) [104]; it has an ability to amplify multiple optical signals at different 
wavelengths. 
 
The use of WDM enables one to achieve higher capacity transmission. 
Several channels can be multiplexed in an optical fibre. All channels are 
equally spaced in the spectral (frequency) domain by a parameter called 
channel spacing, which is the minimum frequency separation between 
channels that is required to guarantee minimum crosstalk degradation. The 
efficiency of the multiplexing can be defined by the ratio [105]: 
 
     
spacing Channel
rate bit Channel
  efficiency Spectral =  
 
The frequency grid, with a reference fixed at 193.1 THz (1552.52 nm), 
supports a variety of channel spacing ranging from 12.5 GHz to 100 GHz and 
wider.  This is according to ITU-T standardization recommendation [106].   
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The two major hindrances to upgrading the WDM systems to 10 Gb/s and 
above are optical nonlinearities [107] and polarization mode dispersion [108].  
In the following section we shall consider the nonlinearities in detail. 
 
4.2 Origin of nonlinear Birefringence 
Since the discovery of intensity-dependent change in the refractive index of a 
medium by Maker et al [109], it has been well known that the self-induced 
nonlinear birefringence in an optical Kerr medium leads to ellipse rotation, i.e. 
intensity-dependent rotation of elliptically polarized light. In its simplest form, 
the refractive index n’ can be written as [99] 
 A
P
 n   n  n 
oncontributi
 nonlinear
eff
20

+='  
where n0 is the linear refractive index, n2 is the nonlinear-index coefficient, Aeff 
is the effective core area of the medium and P is the optical power inside the 
fibre. The intensity dependence of the refractive index leads to a large number 
of interesting nonlinear effects; the most widely studied due to their negative 
effect on the signal in a WDM system are self-phase modulation (SPM), 
cross-phase modulation (XPM) and four-wave mixing (FWM) [110]. Nonlinear 
fibre optics play an increasingly important role in the design of high-capacity 
lightwave systems.  The example is where the fibre lasers can be mode 
locked using the intensity-dependent change in the state of polarization 
(occurring because of SPM and XPM) when the orthogonally polarized 
components of single pulse propagates through the optical fibre [111]. 
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4.3 Pulse-Propagation Equation 
When considering wavelength-division multiplexing to increase the capacity of 
a fibre link, there are two nonlinear effects which impair transmission quality: 
cross phase modulation (XPM) and four-wave mixing (FWM). The extent to 
which they affect transmission quality depends on the relative polarization of 
the individual wavelength channels. 
Based on Ref. [110], the propagation equations for the two principal 
polarizations in birefringent media can be obtained by factoring out the 
transverse dependence of the electric field components Ex and Ey: 
                           
( )4.1                                                            z)exp(i t)y)A(z,F(x,)t ,E( 0β=r  
 
where F describes the spatial distribution of the single fibre mode, A is the 
(slowly varying) amplitude envelope and β0 is the propagation constant. 
Making allowance for PMD (including polarization mode coupling) and PDL, 
the slowly varying amplitudes, Ax and Ay, are described well by the following 
set of two coupled stochastic nonlinear Schrödinger equations [112]: 
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where κ(z) is the random mode coupling coefficient, ∆β0 is the birefringence 
parameter, αx and αy are the losses for the two polarization modes and the 
nonlinear parameter γ is given by 
      
( )4.3                                                                                          
cA
n
  
eff
2ωγ =  
 The average loss is given by α
 
= (αx + αy)/2, while  ∆α = αx - αy represents 
the polarization dependent loss (PDL) in the link. 
The last term on the right-hand side of the equations 4.2 is due to coherent 
coupling between the polarization components and leads to degenerate four-
wave mixing (FWM). However, if the fibre length is much larger than the beat 
length LB from equation (2.10), such as is considered here, it changes signs 
often and averages out to zero. Therefore it can be neglected. 
 
If we assume that the fibre is linearly birefringent we can neglect mode 
coupling; PDL and third-order dispersion β3 can be neglected too since β2 is 
not equal to zero. The reduced equations become 
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The first term on the right-hand side in the brackets represents the self-phase 
modulation (SPM). The second term represents the cross-phase modulation 
(XPM). 
 
4.4 Nonlinear effects. 
The nonlinear effects occurring inside optical fibre limit the maximum power 
levels that can be carried by a pulse.  They also affect the performance of 
long-haul WDM lightwave systems. This section focuses on the three major 
nonlinear phenomena namely SPM, XPM and FWM. 
 
4.4.1 Self-Phase Modulation 
SPM refers to the self-induced phase shift experienced by an optical field 
during its propagation in the fibre. SPM is responsible for spectral broadening 
of pulses [113] as illustrated in Fig. 4.2 and the formation of optical soliton in 
the anomalous-dispersion regime of fibres [114].   
 
The SPM-induced spectral broadening is a consequence of the time 
dependence of nonlinear phase shift. This can be understood by noting that a 
temporally varying phase implies that the instantaneous optical frequency 
differs across the pulse from its central frequency. The time dependence of 
∆ω is referred to as frequency chirping.   
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Fig. 4.2: Effect of SPM on broadening the ultra-short pulses.  The green dotted line 
shows the broadened pulse; the green continuous line is the original ultra-short 
pulse. 
   
The temporal variation of the induced chirp ∆ω has two interesting features. 
First, ∆ω is negative near the leading edge (red shift) and becomes positive 
near the trailing edge (blue shift) of the pulse. Second, the chirp is linear and 
positive (up-chirp) over a large central region of the pulse. 
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4.4.2 Cross-Phase Modulation (XPM) 
In WDM systems, the intensity-induced refractive index gives rise to cross-
phase modulation (XPM), which converts power fluctuation in a particular 
wavelength channel to phase fluctuations in other co-propagating channels 
[115]. The induced phase shift is due to the walkover effect, whereby two 
pulses at different bit rates or with different group velocities walk across each 
other [110]. As a result, the slower pulse sees the walkover and induces a 
phase shift.  This implies that XPM broadens a weak pulse in the presence of 
a strong pulse. The total phase shift depends on the net power of all the 
channels and the channel spacing. XPM-induced power fluctuation is less 
pronounced as the channel spacing increases [116] and the total phase shift 
also depends on the bit patterns of all the other channels [117].   
 
4.4.3 Four-wave mixing (FWM) 
When three intense lightwaves of different frequencies (νi, νj, νk) are input to 
an optical fibre, additional frequencies are generated through the four-wave 
mixing (FWM) process due to the third-order nonlinearity [110].  The 
generated fourth signal is given by [99] 
            νijk = νi + νj - νk               with i, j ≠ k                                       (4.5) 
 As an illustration Fig. 4.3 shows two waves at frequencies νi and νj.  
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Fig. 4.3: Two frequencies interacting in the fibre generated two more frequencies. 
 
In the case of equally spaced channels, new frequencies coincide with the 
existing frequencies and produce  in-band crosstalk.  Hill et al. [118] 
investigated the FWM process theoretically and experimentally in a single-
mode fibre. Through a FWM process, three input waves with different 
frequencies generate nine new waves resulting from frequency mixing. 
Shibata et al. [119] showed the phase-mismatching effect in FWM efficiency 
in a single-mode fibre. The authors showed that the region of the frequency 
separation for satisfying nearly perfect phase matching extends over 50-120 
GHz at the zero chromatic dispersion wavelengths. FWM through newly 
generated frequencies may degrade system performance in optical 
multichannel transmission [120].  From [121], it was observed that when all 
the lasers were modulated, crosstalk was observed at all frequencies between 
the two adjacent channels. It was concluded that FWM crosstalk becomes 
significant when the signal powers exceed 0 dBm/channel in a 10 GHz-
spaced, 100-channel system using 1.5-pm sources and a single-mode fibre. 
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Thus, the successful design of high-capacity OFDM systems must include 
careful consideration of possible FWM interactions in the transmission fibre. 
Since the dispersion-shifted fibre is no longer being used for data 
transmission, FWM is not much of an issue in communication systems. 
 
4.5 Nonlinear polarization evolution in birefringent fibre 
The nonlinear interaction in WDM systems induces a nonlinear polarization 
scattering in one optical channel whenever there is high optical power present 
in the other channel. This leads to a power dependent change of the state of 
polarization. When analyzing nonlinear polarization evolution, two co-
propagating channels are considered having arbitrary polarization. If the 
slowly varying envelopes of the fields for the two channels are denote by 
aA

and bA

, their evolution in the fibre can be described by the equation [122]: 
     
    ( ) ( ) ( ){ }              A A A A A A A A A 98  zAi-  bababaaaa
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bγ                     (4.5) 
where  +A

is the transpose of A. 
By neglecting PMD and PDL, it can also be shown, that no polarization 
evolution takes place between orthogonally polarized signals. This can be 
understood from Ref.  [122] which showed that the rate of change of Stokes 
vectors aS

 and bS

of the two channels along the z-axis is given by: 
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where aS

 and bS

 represent the Stokes vectors of the two channels, P0 is the 
optical power,  and   the average vector of aS

 and bS

, is 0S

= ½ ( aS

 + bS
 ).  
Equation 4.6 indicates that the Stokes vectors of two signals rotate at the 
same rate about the vector 0S

. This is illustrated in Fig. 4.3. 
 
 
 
 
 
 
 
 
Fig. 4.3: Output Stokes vectors of two fields aS

 and bS

 as they precess around the 
stationary vector 0S

.  
 
The magnitude of the vector 0S
 (Pm) depends on the fixed relative polarization 
angle θ between the probe and pump and the peak powers of probe (Ps) and 
the pump (Pp) respectively according to the equation [123]:    
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 According to equation 4.7, the channel with the dominant power remains 
fixed, since its Stokes vector is almost coincident with 0S

.   Therefore the 
output Stoke vector of the probe channel is guided by the relative angles 
between the pump and probe input SOP vectors and the magnitude of the 
pump power. The probe signal is highly depolarized if the input pump power is 
high and also if the input SOP vectors of the pump and probe are 
perpendicular to one another in Stokes space.  But the signal remains 
polarized if the input SOP vectors are anti-parallel or parallel, regardless of 
the input pump power. This is demonstrated in our results in section 5.1. 
 
It was reported further that the nonlinear polarization rotation resembles a 
conventional circular birefringence, in that it rotates SOP around S3 on the 
Poincaré sphere but it differs significantly from the conventional circular 
birefringence in that it rotates the polarization ellipse in different directions 
depending on the SOP of the signal itself [124]. In addition, Vinegoni et al 
[125] in their work reported that the rotation direction of the nonlinear 
birefringence is different for the upper and lower hemisphere of the Poincaré 
sphere contrary to linear birefringence.   
 
Wang et al [126] investigated the evolution of the degree of polarization of 
individual channels and their Stokes parameters in WDM systems in which 
the Kerr nonlinearity and chromatic dispersion are accounted for while the 
PMD and PDL are negligible.  Furthermore, the report states that the 
presence of nonlinearity and chromatic dispersion can lead to channel 
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interaction such that they cause repolarization when the channels are closely 
spaced. This reduces the efficiency of PMDC. 
 
Since the linear SOPs rotate around S1 while the nonlinear SOPs rotate 
around S3, it would be interesting to explore how the linear and nonlinear 
effects influence the state of polarization evolution.  The following section 
reviews the work done on evolution of linear and nonlinear polarization in a 
fibre. 
 
4.6 Interaction of linear and nonlinear polarization rotation 
At low intensities, the linear birefringence causes polarization fluctuations 
which produce linear signal pulse distortion known as linear PMD, which has 
been extensively studied as outlined in section 2.3. As the distance of 
transmission continues to increase, the signals carrying high intensities also 
need to increase in order to reduce the number of repeaters and amplifiers 
along the link. Under these conditions, in addition to linear birefringence, the 
intensity induced-birefringence known as nonlinear birefringence is developed 
in the fibre.  The power dependent polarization fluctuation is produced 
causing the intensity dependent signal pulse distortion known as nonlinear 
PMD [127].  
 
Analytical work has extensively been done on nonlinear birefringence 
coupling on PMD. For example Shi et al [128] investigated the nonlinear 
interaction of a birefringence optical fibre with consideration of both the linear 
and birefringence fluctuation and polarization mode dispersion.  In their work 
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they showed that the linear random mode coupling between the two 
polarization modes plays a very important role in the stability of the soliton 
transmission for soliton based optical fibre communication.  Wai et al [129] 
established that nonlinear PMD exists whenever there is high intensity carried 
by the signals and its effect will affect very high data rate systems operating at 
near 100 Gb/s.  These authors further stated that reducing the linear PMD by 
decreasing the decorrelation length reduces the mixing on the Poincaré 
sphere which in turn increases the nonlinear PMD.    
 
The numerical study of the coupling between linear orthogonal modes due to 
nonlinear polarization evolution has been carried out where it was concluded 
that the interaction between the linear and nonlinear birefringence causes the 
successive and periodic energy exchange between the fast and slow linear 
modes of the fibre [130].  Models have been developed that describe the 
interaction between XPM, PMD and PDL [131]. It showed that XPM changes 
the direction of the polarization but does not affect the DGD. This point has 
been dealt with experimentally in our work in Chapter 5.  Effects of 
nonlinearities on PMD have been reported both experimentally [132] and 
theoretically [133].   
 
Unfortunately in all these investigations reported in this section there is little 
mentioned about the experimental work where the effect of mode coupling 
has been considered.  Most investigators assumed that mode coupling is 
negligible.  This has been one of the focus of our project as outlined in our 
result section in chapter 5. 
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4.7 Effects of XPM polarization fluctuations on PMD compensations 
Since the random nonlinear birefringence rotates the SOP differently from the 
linear birefringence, and at high intensity the PSPs are power dependent, it 
will be impossible to fully compensate for first-order PMD. This is because the 
first-order PMD compensation technique is solely dependent on the alignment 
of the PSPs from the fibre output with the axis of the DGD delay line. 
 
Khosravani et al [134] has demonstrated both numerically and experimentally 
the effect of XPM-induced PSP rotation on first-order PMD compensator. The 
author showed that the nonlinear phase change due to XPM induces a bit-
pattern-dependent change in the SOP that translates to uncertainty in PSPs.   
Statistical assessment of XPM impact on an optical PMD compensator was 
carried out [135]. The compensation efficiency was evaluated by measuring 
the difference between the Q-factor penalty with and without compensation.   
Effects of XPM-induced polarization fluctuation on first-order PMD 
compensators have been demonstrated. For example, Pan et al [136], used a 
probe-pump model to show the distortion caused by XPM on a compensated 
signal and in addition the authors proposed the bipolarization modulation as a 
solution to overcome the effects of the XPM on a compensated system.  Lee 
et al [137], analytically and experimentally demonstrated that the performance 
of the WDM systems could be degraded by the optical Kerr effect and DGD 
crosstalk, even when first-order PMD is completely compensated.  
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CHAPTER 5 
 
INTERACTION BETWEEN LINEAR AND NONLINEAR PMD 
 
In single mode fibres, both the orientation of the principal birefringence axes 
and magnitude of the birefringence vary randomly with distance along the 
fibre according to the conditions given in section 2.3.2. Because the two 
principal polarization states have slightly different group velocities, these 
polarization fluctuations produce linear or intensity-independent signal pulse 
broadening and distortion, known as linear PMD.  In addition to the linear 
PMD, at high intensities, power dependent polarization fluctuations produce 
nonlinear or intensity –dependent signal pulse distortion, known as nonlinear 
PMD.  In this chapter we investigate the interaction between nonlinear and 
linear birefringence in optical fibre with consideration of polarization mode 
coupling.  
 
5.1 Dependence of probe signal DOP on the orientation of pump signal  
SOPs  
 
Fig. 5.1 shows the simulation and experimental setups that were used to 
investigate the effects due to interaction between nonlinear birefringence and 
linear PMD as the pump signal SOPs oriented through 180o. Simulations were 
carried out using Virtual Photonics Inc (VPI) software [138].   
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     (a)  
 
     (b) 
Fig. 5.1:  Measurement setups used to investigate the dependence of probe signal 
DOP on the power and orientation of SOPs of the pump signal: (a) Experimental 
setup, (b) Equivalent VPI simulation setup. Mux: multiplexer, Demux: Demultiplexer 
 
In both set-ups, the probe laser at a wavelength, λ1, (=1551.72 nm) 
represented the channel suffering from cross-talk induced polarization 
fluctuation, while the pump laser at wavelength, λ2, (=1552.12 nm) 
represented a nearby interfering channel. The channel spacing is thus 50 
GHz (0.4 nm). Polarization controller, PC1 maximized the probe input power 
into the fibre, while polarization controller PC2 rotated the input pump SOPs 
with respect to the probe signal SOP. The pump signal was launched at 
powers of 3 dBm, 6 dBm and 13 dBm, and for each input power the pump 
signal SOPs were rotated through 180o while observing the output DOP of the 
probe signal.  
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The two signals co-propagated through a 24 km long single mode fibre having 
a small PMD of 0.2 ps and therefore the effects of PMD were neglected.  
Using a coupler, part of the signal from the spool passed through an emulator 
before being demultiplexed and effects due to interaction between nonlinear 
birefringence and linear PMD on probe signal analysed by the polarimeter. 
The remainder of the signal from the coupler passed through a filter of 
bandwidth 0.3 nm, where the probe signal was filtered through and the effects 
of nonlinear birefringence alone on probe signal could be analyzed by the 
second polarimeter. 
 
For simulations, the 24 km standard single mode fibre had a dispersion of 17 
ps/nm-km, effective area of 80 µm2 and the PMD of 0.24 ps. The PMD 
emulator was based on the model developed by Francia et al. [21]. This 
model was chosen mainly because the levels of differential group delay 
(DGD), polarization chromatic dispersion (PCD) and the depolarization rate 
are defined individually. Since the emulator is deterministic, it is possible to 
select specific combinations of first and second order PMD. This is particularly 
useful for examining worst-case PMD conditions, which have extremely low 
probabilities. The channel spacing, probe wavelength and pump wavelength 
were fixed at the same values as those in the experimental setup.   
 
The emulators used in the experimental setup comprised of a small number of 
randomly concatenated sections of PM fibres.  The first-order and second-
order PMD statistics for the 10 and 24 segment emulators used in 
experimental measurements and simulations are shown in Fig. 5.2 (a) and (b) 
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respectively. In both cases, the DGD statistics follow a Maxwellian distribution 
that is characteristic of ideal emulators.   The average DGD is nearly the 
same in both the 10 segment and 24 segment emulators, but the average 
SOPMD is larger for the 24 segment than for the 10 segment emulator.  The 
experimental and simulation emulators have the same length for each 
segment and the number of mode coupling centres is the same in each case. 
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Fig. 5.2: Probability density functions of emulators for 10 segments and 24 
segments. (a) First-order PMD; (b) second-order PMD. Exp: experimental, Simul: 
simulation 
 
Rotation of the pump signal SOPs was found to have a high effect on the 
probe signal as the relative angles between SOPs of probe and pump signal 
(b) 
(a) 
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approached 90o, but the probe signal is less affected when the relative SOPs 
are launched parallel (0o) or anti-parallel (180o) in Stokes space as indicated 
in Fig. 5.3 (a) and (b).   When the input SOPs of the probe and pump signals 
were launched at 90o from each other, the depolarization of the probe signal 
increased with increasing pump input power; however, if the launching angle 
was 0o or 180o, increasing the pump power did not affect the probe signal.  
This implied that the nonlinear birefringence penalty was high (low DOP) 
when the signal input SOPs in the two channels were perpendicular to one 
another in Stokes space (i.e. 45o in Jones space). On the other hand, when 
the signal input SOPs were parallel or anti-parallel to each other in Stokes 
space (perpendicular in Jones space), the nonlinear birefringence penalty was 
very low. This is because at 90o the power is coupled equally into the two 
birefringent axes, and therefore the interaction is strong but when the relative 
signal SOPs are parallel or anti-parallel to each other, there is weak 
interaction between the signals resulting in a minimal nonlinear birefringence 
effect.    
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Fig. 5.3: Probe DOP variation with relative launch SOP angle for different pump 
powers in a 24 km spool. (a) VPI Simulation results and (b) Experimental results. 
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Fig. 5.4 shows the results of the probe signal DOP as a function of relative 
SOP angle in the presence of both linear and nonlinear PMD obtained using 
10 and 24 segment emulators.  The small difference between simulated and 
experimental results is attributed to the polarization dependent loss (PDL) of 
the optical devices that were used, which was not taken into consideration in 
the simulation. In addition, the emulator properties in experimental and 
simulations conditions might not be exactly the same. 
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Fig. 5.4: Probe channel DOP variation as a function of relative SOP angle between 
the signals in the presence of linear and nonlinear PMD, (a) VPI simulation results 
and (b) Experimental results.  The power for the probe signal was 3 dBm and that for 
the pump signal was 13 dBm. 
 
From the Fig. 5.4, it can be observed that the probe DOP variation was 
sinusoidal over the entire range of relative SOP angles. For example, in the 
case of the 10 segment and 24 segment links, the probe SOPs had gone 
through nearly one cycle, while in the spool (red) alone the SOPs had covered 
half a cycle. At 90o, the DOP for the signal passing through the spool alone 
was low, while the DOPs of the signals passing through the 10 segments or 
24 segments were relatively high. This was clear evidence that the linear 
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PMD rotated the SOPs in a different direction to nonlinear PMD. In general, 
we deduce that in systems where both nonlinear PMD and SOPMD exist, the 
DOP of the signal improves because the SOPMD cancels the nonlinear PMD.  
 
When the probe signal and pump signal SOPs were launched anti-parallel or 
parallel to one another, the nonlinear PMD had no effect on the probe signal 
and SOPMD acted normally; it depolarized the signal.  
 
5.2 Effect of nonlinear birefringence on first- and second-order PMD 
To further support the analysis in section 5.1, the experiment was performed 
where the input power of the pump signal was varied as the DOP of the probe 
signal was monitored. The input probe signal power was kept constant at 3 
dBm. As shown in Fig. 5.5(a), the DOP of the probe signal was measured as 
a function of the input pump power in the presence of nonlinear PMD alone 
(spool alone) and also in the presence of both nonlinear and linear PMD 
(spool and emulators).  The histogram in Fig. 5.5(b) shows the average probe 
DOP taken over all the input pump powers for different links. 
 
From Fig. 5.5(a) we observe that in links without mode coupling the DOP 
decreases with increasing input pump power. In the other words the nonlinear 
birefringence increases with the input pump power.  Since the 24 km spool 
has low PMD, the relative states of polarization of the channels are preserved 
over a distance long enough for nonlinear interaction to occur. The nonlinear 
birefringence therefore breaks the degeneracy, rotates and scatters the SOPs 
over large angles.  Similarly, in the case of the PMF, since the DGD and 
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PSPs are constant, we expect the SOPs that propagate along the two fixed 
birefringent axes to be preserved (in PMF fibre the birefringent axes are 
regarded as the PSPs). However, the nonlinear birefringence induced in the 
fibre axes randomizes the SOPs, causing the signal to remain depolarized.  
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  (a)      (b) 
Fig 5.5: (a) Measurements of the DOP of the probe channel as a function of the input 
power of the pump channel at different links. (a) Histogram of average DOP over all 
input pump powers for each link. 
 
Nonlinear induced-birefringence was found to couple with SOPMD in such a 
way that the nonlinear polarization rotation effect between channels was 
reduced, as observed in Fig. 5.5(b), where the average probe DOP increased 
with increasing mode coupling centres. This was due to the fact that high 
SOPMD in the link caused the state of polarization of the probe channel to 
change quickly over a short distance and became uncorrelated. This led to 
the averaging of the nonlinear polarization rotation effects and a subsequent 
reduction in the nonlinear birefringence-induced variation of the principal 
states of polarization. This observation was further confirmed by results 
obtained from field measurements on two buried fibre links with low and high 
PMD at the Port Elizabeth Telkom exchange station as seen in Fig. 5.6. The 
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low PMD link had average DGD and SOPMD of 5 ps and 13 ps2 respectively, 
while the high PMD link had 19 ps and 57 ps2. Each link was of length 84 km. 
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 Fig 5.6: Variation of the DOP as a function of input power. Experiments were 
performed on two buried fibre links with low and high PMD at the Port Elizabeth 
Telkom exchange station. 
 
 
Since the random birefringence in a fibre causes the output SOP vector to 
change, then the deviation or scattered angle measured between two output 
SOP vectors can be used as a measure of the birefringence effect. In Fig. 5.7 
the total deviation angle measured with reference to the output SOP vector at 
3 dBm was determined as the input pump power increased.  
 
At low pump power (see the inset graph), the probe signal through the mode 
coupled link has its output SOPs scattered at larger angles than the output 
SOPs of the signal through either the low PMD link (spool alone) or highly 
birefringent fibre link (spool + PMF).  Since the mode coupled link is modelled 
by large number of segments of fibres having random lengths and random 
fusion angles between segments [139], the output polarization vectors from 
the previous segment are resolved into new pairs of local PSPs belonging to 
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the next segment. The output SOPs are therefore randomly scattered. This 
can be traced as a random path on the Poincaré sphere. 
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Fig 5.7: Total SOP angle change as a function of input pump powers 
 
For a polarization-maintaining fibre (PMF) with constant birefringence, the two 
PSPs coincide with the two principal axes of birefringence of the fibre [17]. 
Therefore at low input pump power where the nonlinear birefringence is 
negligible, the polarization vector (with components resolved into the two 
axes) is preserved, thus the output SOP vector drifts only to a small extent 
from its initial position.  But the two resolved vectors have a maximum or 
minimum group delay.  In the low PMD regime, in principle there is low output 
SOP scattering because the linear and nonlinear birefringence in the fibre is 
negligible.  
 
When the input pump power increases, there is an observable effect of the 
nonlinear birefringence on signal through all the three links. In the mode 
coupled link, since the nonlinear birefringence rotates the polarization vector 
 65 
in the opposite direction to linear birefringence [132] it is probable that due to 
nonlinear birefringence effects the SOPs of the signal in one segment are 
rotated such that the PSP from the previous fast axis/slow axis is aligned with 
the slow/fast axis of the next segment. This reduces the resultant linear PMD 
vector, and yields the low scattering angles of the SOPs as observed in Fig. 
5.7.  Generally, the nonlinear birefringence vector may be added to or 
subtracted from the linear PMD vector [125].  Unlike the mode coupled link, 
high power launched into each of the two constant birefringence axes of the 
PMF link do change, creating nonlinear birefringence in each axis which 
rotates the resolved polarization vectors. Hence the resultant output SOP 
vector drift with large angle from the initial position. Therefore in non-mode 
coupled links the nonlinear birefringence induced in the link distorts the signal.  
 
In summary, high SOPMD in the link which is due to mode coupling 
sometimes reduces the effect of nonlinear birefringence on the signal. In links 
with high FOPMD or no PMD at all, the nonlinear birefringence effects distort 
the signal.  In addition, the nonlinear birefringence effects will rotate the PSPs 
only; they do not change much the DGD of the link. 
 
5.3 Effect of nonlinear polarization rotation on the fast and slow PSP 
axes in the presence of PMD 
 
Fig. 5.8 shows the setup used to investigate the effect of nonlinear 
birefringence on the fast and slow axes of the fibre link. The three WDM 
sources used were operating at 1551.72 nm (Upper Sideband: λUSB), 1552.12 
nm (Centre wavelength: λC) and 1552.52 nm (Lower Sideband: λLSB) 
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respectively.  Their respective input powers were 3 dBm, 13 dBm and 3 dBm 
and the channels spacing was 0.4 nm (50 GHz).  This represented a 
symmetrical optical spectrum where the power falls off from the centre 
wavelength.  
 
 
 
 
 
 
 
 
 
Fig. 5.8: The setup used to investigate the effect of nonlinear PMD on signals 
launched along the two fibre axes as the input power of the centre wavelength 
changes and when the SOPs of central wavelength are aligned at 0o, 90o and 180o.   
 
The polarization controller PC1 was used to align the SOPs of USB (SOPUSB) 
along the (0,0,1), the PC3 aligned the SOPs of LSB (SOPLSB) along the (0,0,-
1),  while polarization controller PC2, was used to orientate the SOPs of the 
centre wavelength (SOPC) at three angles: 0o, 90o and 180o in the Stokes 
space with respect to (0,0,1).  At each angle setting, the power of the centre 
wavelength was varied and, making use of a demultiplexer and optical switch, 
the DOP and SOPs for each channel were measured using a single 
polarimeter. The experiments was carried out on six looped buried fibres 
installed between two exchange stations in Port Elizabeth, South Africa, with 
a total transmission distance of 84 km. The average first- and second-order 
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PMD was 19 ps and 54 ps2 respectively, measured over a wavelength range 
of 50 nm (1520 nm - 1570 nm). 
 
Fig. 5.9 (a)  shows the measured DOP of the upper sideband (USB) and 
lower sideband (LSB) signals as a function of input power when the SOP of 
the centre signal  was aligned at 0o, 90o, 180o with respect to (1,0,0). When 
SOPC was aligned parallel to SOPUSB it was observed that the USB signal 
was less affected while the LSB signal decreased systematically. However, 
when SOPC was aligned 90o from the SOPUSB, both subcarrier signals’ DOP 
did not change much, though we can still note some slight difference between 
them. The USB signal DOP (DOPUSB) was reducing with increasing input 
power, but after around 9.5 dBm, the DOPUSB started to improve, while the 
LSB signal DOP (DOPLSB) slowly reduced with increase in power.   
When SOPC was aligned parallel to SOPLSB (180o), the DOPUSB drastically 
reduced with increasing input power up to 10 dBm, after which the DOPUSB 
started to increase, while the DOPLSB remained nearly constant. 
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    (c)           (d) 
Fig. 5.9: (a) Measured DOP of LSB and USB signals with input power of the Centre 
wavelength, when the SOP vector of the Centre wavelength is aligned at 0o, 90o and 
180o with respect to the LSB SOP vector; (b) Variation of relative SOP angles as a 
function of input power when SOPC was launched at 90o from SOPUSB; (c) The 
spread of SOPUSB and SOPLSB angles as a function of input power of the centre 
signal when the SOPC is aligned 1800 from SOPUSB; (d) The relative angles 
measured between SOPUSB and SOPLSB as a function of input power of the centre 
signal when the SOPC is aligned 1800 from the SOPUSB. 
 
 
From Fig. 5.9(a), at low power the slow rate of decline of the DOP of all 
signals shows that the SOPs of respective channels which were initially 
orthogonal did not interact much, leading to less scattering. This suggests that 
at low intensities, both axes are stable centres, and a linearly polarized input 
signal coupled into the fibre along either axis will preserve its polarization.  
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At high intensities, the nonlinear birefringence effect is strong, and the 
polarization evolution in the principal axes is drastically changed.  It is 
observed that as the power increased, the nonlinear birefringence also 
increased and is added to the existing linear PMD.  This is why the DOPUSB 
and DOPLSB decreased with increasing power, as was shown in section 5.2. 
This was caused by the “SOP walk-off” or cross-polarization rotation as 
observed from Fig. 5.9(b) where the relative angles between the SOP of the 
three signals decreased with increasing input pump power. Decreasing 
relative angles indicates that there was an increasing interaction between the 
SOPs of the three signals which gave rise to polarization scattering, hence 
decreasing the DOP of the channels.  Comparing Fig. 5.9(b) and (d), it is 
observed that the two birefringent axes are not equally excited.  In Fig. 5.9(b) 
the SOPC is aligned at 90o implying that the pump power is equally launched 
into the two axes. The relative angles between the SOPLSB and SOPC are 
relatively constant (green line); this shows that the increasing pump power 
only weakly affected the axis along which the SOPLSB vector was launched.  
Unlike the relative angles between the SOPLSB and SOPC, the relative angles 
between the SOPUSB and SOPC decreased with increasing power (red line), 
indicating that the axis along which the SOPUSB was launched was highly 
affected by the power-induced birefringence. The same observation is made 
in Fig. 5.9(d) where the SOPC was launched in the same direction as the 
SOPLSB vector. Therefore the two birefringent axes are not equally excited. In 
the most excited axis, the nonlinear birefringence vector tends to rotate in 
such a way that it adds to the linear PMD vector. When two vectors are equal 
and parallel, there is a maximum polarization scattering as indicated by the 
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scattering angles in Fig. 5.9(c). Beyond this critical point, the induced 
nonlinear birefringence vector cancels the existing linear PMD vector, hence 
giving rise to the DOP improvement as shown in Fig. 5.9(a) (filled star). This 
could be attributed to the fact that the effective beat length due to addition or 
subtraction of linear and nonlinear birefringence is power dependent [140].  It 
is worthwhile to note from Fig. 5.9(d) that the output SOPUSB vector rotated 
with power through 180o. This is a clear indication that PSPs rotate when the 
nonlinear birefringence is present in the optical communication systems, 
hence PSPs become power dependent. 
 
 
5.4 Summary of results 
The effect of nonlinear birefringence-induced polarization rotation on linear 
birefringence and mode coupling was investigated.  It was shown that 
nonlinear polarization scattering in the probe channel depended greatly on the 
orientation of the pump channel polarization vector, as well as on the power 
carried in the pump channel. 
 
It was also demonstrated that for low PMD links where the state of 
polarization is preserved, the nonlinear birefringence-induced polarization 
rotation effect randomizes the state of polarization thereby depolarizing the 
signal.  In high PMD links where mode coupling is high, the nonlinear 
birefringence couples with second-order PMD in such a way that reduces the 
penalty and improves the signal DOP. 
 
 71 
When nonlinear birefringence becomes significant, asymmetry arises between 
the two principal axes of the fibre, such that for the signal coupled along the 
fast axis, there exists a critical power above which the nonlinear birefringence 
cancels the linear birefringence.  In fibre links with high PMD, it has been 
observed that this effect is not expected to be strong if the power is coupled 
equally into the two axes.    
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CHAPTER 6  
 
DESIGN AND CONTROL OF A MULTICHANNEL PMD COMPENSATOR 
 
This chapter starts with characterizing the first-order PMD compensator that 
was designed and built by the research group at Padova University, Italy. The 
project was a result of collaboration between Nelson Mandela Metropolitan 
University, South Africa and Padova University, Italy.  These results form part 
of work that has been accepted for publication [141]. The first-order 
compensator results serve to illustrate methods that can be used to 
characterize the compensator.  The sections that follow demonstrate a DOP-
based multichannel PMD compensator using a feedforward method. The 
results from the laboratory and field tests showing the stability of the 
compensator are discussed in the last section.  
 
6.1 Characterization of First-order PMD Compensator 
Fig. 6.1 shows the experimental setup adopted during the characterization 
stage of the PMD compensation system. Light from a laser source passes 
through a polarization scrambler before it goes to the fibre link. A waveform 
generator is used to drive the polarization scrambler.  A small part of the 
signal (1%) at the input of the polarization control (PC) board is tapped by a 
splitter and detected by the photodiode PD1 to keep track of the input power 
level. This is required in order to allow the control algorithm to discern 
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between power fluctuations due to PMD from those due to input power 
variations. 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1: The functional block diagram of the first-order PMD compensation system.1 
 
 
The signal at the output of the PC board is passed through a polarizer and 
part of the output power is detected by photodiode PD2 through a 1% tap arm 
of the output power splitter.  The power level detected at PD2 is used as 
feedback signal, and is maximized so that the signal SOP just before the 
polarizer is aligned with the polarizer itself. The PC is a 4-axis voltage-
controlled squeezer that induces polarization rotations in a controlled way. A 
personal computer runs the control algorithm and manages the 
communication between the PD’s and the PC via RS232 and USB ports, 
respectively.  
 
The experiments were carried out to measure the effect of polarization 
scrambling on the PMD monitor signal and to find the appropriate range of 
                                                 
1
 The compensator was designed and built by the photonic and electromagnetic research group, Department of 
Information Engineering at Padova University, Italy.   
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scrambling frequencies for which the compensator is able to track and 
compensate for the SOP fluctuations.  
The aim was to evaluate the capability of achieving (and maintaining) a 
certain DOP level within a certain time (referred to as the time step), defined 
as the overall number of observations divided by the total number of algorithm 
steps: 
                                   
steps algorithm ofNumber 
nsobservatio Overall
  Step Time   =  
 
6.1.1 Characterization of PMDC performance 
A set of experiments were carried out to identify the effect of polarization 
scrambling on the PMD monitoring signal and to find the appropriate range of 
scrambling frequencies for which the compensator will be able to track and 
compensate for the SOP fluctuations.  
The waveform generator was used to provide control signals with different 
periods that are applied to squeezers of a polarization controller so as to vary 
the SOP of the input signal. The PMDC performance was measured by its 
ability to achieve (and maintain) a certain SOP within a certain time frame.  
The choice of using the compensator time slot instead of an absolute time to 
measure the performance of the PMDC was motivated by the fact that the 
focus was to optimize the control algorithm. It is important to realise that the 
control algorithm is independent of the specific polarization controller 
hardware so that the SOP tracking speed can be readily improved by 
adopting faster electronic and polarization controls.  
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Fig. 6.2 shows the power fluctuations for the uncompensated (blue trace) and 
compensated signals (red trace).  
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Fig. 6.2: Power fluctuations of the uncompensated (blue line) and of the 
compensated signals (red line) using a ramp wave signal.  
 
When the ramp waveform generator output signal feeds the polarization 
scrambler, it can be seen that the power variation in the absence of 
compensation may be as large as 15 dB.  The compensator was able to 
compensate for the scrambled signals with periods down to few tens of time 
slots. By defining the “scrambling rate” as the rate of the maximum variation of 
the uncompensated signal power over half a period of the scrambled signal, it 
can be observed that the compensator can effectively work up to 2.7 dB/step.  
 
In a second test, the input polarization scrambler was driven with a square 
wave signal; in this case PMDC recovery time was analyzed, defined as the 
time that elapses from the abrupt variation of the input SOP to when the 
PMDC has reduced the insertion loss to less than 0.5 dB. The compensated 
and uncompensated signals together with the distribution of the recovery 
times are shown in Fig. 6.3. 
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Fig. 6.3: (a) Power fluctuations of the uncompensated (blue line) and of the 
compensated signals (red line) using square wave signal generator. (b) Distribution 
of events with a maximum of 0.5 dB of PMDC excess loss for a square-wave signal 
applied to the input PC. 
 
From Fig. 6.3(b), it is observed that on average, within 4 steps the PMDC is 
able to align the SOP of the signal to the polarizer; this confirms that the 
developed algorithm is highly efficient.  
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Fig. 6.4:  (a) Power fluctuations of the uncompensated (blue line) and of the 
compensated signals (red line) using sine wave signal generator; (b) PDF vs PMDC 
insertion losses induced by a sine-wave variation of the input SOP for 0.45 dB/step 
(0.1 Hz), 0.86 dB/step (0.33 Hz) and 2.3 dB/step (0.5 Hz) respectively. 
 
 77 
The output power of the compensated and uncompensated sine wave signal 
is indicated in Fig. 6.4(a), while Fig. 6.4(b) shows the Complementary 
Probability Cumulative Function of the PMDC insertion loss when a sinusoidal 
electric signal is applied to the PC. The capability of the PMDC to follow 
continuous SOP variations of the input signal was investigated. This situation 
is quite common in optical fibre links where temperature variations induce a 
continuous slow drift of the output SOP of the optical signal [142]. In this case, 
the input SOP was varied sinusoidally with different rates (defined in terms of 
dB/step) as it is observed in Fig. 6.4(b).  It is evident from Fig 6.4(b) that if an 
upper limit of 1 dB for the PMDC induced insertion loss is considered, there is 
a probability of 100% to achieve the target for SOP variations of 0.45 dB/step 
and about 50% for SOP variations of 2.3 dB/step. 
 
6.2 Evaluation of monitoring signal for multichannel PMDC 
The technique used to monitor the link signal is based on monitoring the 
sideband DOP of the optical spectrum. When a given optical spectrum of the 
signal is launched into the fibre link, the DGD of the link causes the SOP of 
frequency components within the optical spectrum to rotate with respect to the 
central frequency.  Since the sideband channels are more depolarized than 
the central channel, monitoring the sideband signals stands a high chance of 
compensating for all the channels in the optical spectrum.  In this section the 
parameters that can be used to increase the sensitivity of the sideband DOP 
on link DGD is investigated. The monitor measures the DOP of the sideband 
channels and provides a single monitoring single.   
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The monitoring signal was determined using the factor F according to the 
equation below as defined in Ref [143].  
 
   F = 4 – (DOPmax, upper + DOPmax, lower + DOPmin, upper + DOPmin, upper)         (6.1) 
 
where the DOPmin and DOPmax is the minimum and maximum DOP of 
upper/lower sideband respectively. 
 
However, because not only the SOP in a channel fluctuates due to DGD but 
also the relative inter-channel SOP rotates as a function of the channel 
spacing, the DOP therefore becomes insensitive to the DGD in the WDM 
system, causing the monitoring functionality to become inefficient. This 
technique has extensively been investigated by Nezam et al [144] by applying 
the modulated signals.  
 
It is necessary therefore to find out the right channel spacing that could 
enhance the sideband DOP sensitivity on DGD in the link and thus increase 
the maximum DGD monitoring range. 
 
Fig. 6.5 shows the experimental setup used to investigate the sensitivity of 
subcarrier DOP on DGD of the link. Three continuous wave (cw) signals were 
multiplexed and by use of the polarization controller (PC) each signal SOP 
was scrambled and then launched into the variable delayline, which emulated 
the link with changing DGD. By use of the filter at the end of the delayline, the 
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maximum and minimum DOPs of the output LSB and output USB signals 
were measured.  
 
 
 
 
 
Fig. 6.5: The experimental setup to evaluate the effects of monitoring DGD on the 
PMD monitoring technique based on subcarrier DOP. 
 
From these parameters F was determined as a function of the DGD of the 
delayline. In order to investigate the sensitivity of DOP on DGD, two 
experiments were carried out: first, the channel spacing of the input signals 
was varied as the input power was kept constant at 3 dBm, 13 dBm and 3 
dBm for LSB, centre signal and USB respectively.  The 50 GHz and 100 GHz 
channel spacings were used. Secondly, the channel spacing was kept 
constant at 50 GHz while the input power of the signals was varied.  
 
The maximum DGD range is higher for 50 GHz channel spacing (30 ps) than 
for 100 GHz (15 ps) as observed from Fig. 6.6. This was because the 
numerous spectral components in such a wide bandwidth (100 GHz) could 
not be extinguished completely by DGD [145]. Secondly, given that the line 
width of the signals was narrow (<10 MHz), at that wide bandwidth the 
nonlinear polarization rotation effect is weak and therefore the signals require 
high DGD values to be depolarized. The maximum DGD range is determined 
at the point where the signal reaches complete depolarization. In this case the 
maximum depolarization occurs at the maximum value of F. 
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Fig. 6.6 shows the monitor signal, F, as function of DGD measured at 50 GHz 
(red) and 100 GHz (blue) monitoring bandwidths. In this measurement, we set 
the input power for LSB, centre and USB to be 3 dBm, 13 dBm and 3 dBm 
respectively.  When the channel spacing was 50 GHz, we could obtain the 
monitor signal maximum sensitivity at DGD = 30 ps. However, when we 
increased the channel spacing to 100 GHz, the minimum value of the monitor 
signal was measured to be 2.75 at DGD = 17 ps.  
 
                            
0 5 10 15 20 25 30 35 40 45
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
3:13:3
F
DGD(ps)
 50 GHz
 100 GHz
 
Fig. 6.6: The factor F as the function of DGD at 50 GHz and 100 GHz channel 
spacing measured at 13 dBm centre signal and 3 dBm for each sideband channel. 
 
When the channel spacing was fixed at 50 GHz and the power of the centre 
signal was varied from 3 dBm to 13 dBm, the maximum DGD range remained 
constant at 30 ps for all input powers, but the signal DOP reduced with 
increasing power as observed in fig. 6.7. This could be due to power 
dependent relative SOPs in different frequencies resulting in significant 
depolarization and corresponding reduction in DOP.  
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Fig. 6.7: The factor F as the function of DGD at varying centre signal input power 
 
6.3 Operation and control of the polarization controller 
The LiNbO3 based polarization controller (A3200), manufactured by Adaptif 
Photonics Ltd was used. It has five endlessly rotatable waveplates as shown 
in Fig. 6.8. There are four quarter waveplates (QWP) and one half waveplate 
(HWP).  
 
 
 
 
Fig. 6.8: The relative positions of the waveplates as given in the polarization 
controller A3200 
 
Each plate has its own sequence of rotation. In order to achieve any arbitrary 
output polarization state, three waveplates are sufficient; hence only three are 
used for the PMD compensation application.  
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In order to understand how each waveplate functions an experiment was 
carried out where each plate was rotated through 360° and the output SOPs 
and DOP measured as shown in Fig. 6.9 (a).  From the diagram, for QWP1 
and QWP4, there is not much change in output DOP as the plates rotated 
through 360° while the change in angles of QWP2, HWP and QWP3 had a 
wide variation in DOP.   Fig. 6.9 (b) shows the coverage of SOPs on the 
Poincaré sphere for each of the three plates, and we observe that QWP2 has 
the best coverage of all.  
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   (a)                     (b) 
Fig. 6.9: (a) minimum DOP for polarization ellipse at different waveplate angles. (b) 
Polarization ellipse for three waveplates each rotated through 360°. 
 
In our compensation process we used the QWP2 alone since dithering was 
done just to increase the minimum DOP once the threshold point has been 
attained. The angles that were applied to the PC plate were generated 
through the General Port Interface Board (GPIB) interface board using the 
Labview program.  
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6.4 Principle of operation of the multichannel compensator 
The schematic diagram shown in Fig. 6.10 was used to demonstrate the 
operation of the compensator. To commence the PMD compensation 
process, the SOPs were scrambled at the input of the link using PC1. 
Random polarization scrambling of the input SOP was used to improve the 
estimation accuracy of the output PMD vector as proposed in [92] and [146]. 
By tapping off a small part of the signal at the link output and filtering out the 
LSB and USB signals, the minimum DOP for each subcarrier was determined 
within one polarization scrambling period; this was used to monitor the 
instantaneous DGD of the link. When the minimum DOP of either LSB or USB 
was below the threshold value (0.95), the DGD was inferred from the lookup 
table and used to preset the value of the tuneable delayline.  
 
 
 
 
 
 
 
 
        
 
Fig.6.10: Setup for the optical PMD compensator 
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The output signal from the delayline was demultiplexed and by making use of 
the optical switch the DOP of the three channels were measured using a 
single polarimeter.  Part of the LSB and USB   output minimum DOP was 
tapped and used as feedback signal to the polarization controller, PC2.  The 
settings of the PC2 were dithered to increase the minimum DOP measured. 
The polarization controller PC2 and variable delayline were automatically set 
to track this threshold operating point as it drifted in time with changing PMD.  
 
6.5 Laboratory test 
In Fig. 6.11 the   three WDM sources used were operating at 1551.72 nm 
(Upper Sideband: λUSB), 1552.12 nm (Centre wavelength: λC) and 1552.52 nm 
(Lower Sideband: λLSB) respectively.  Their respective input powers were 3 
dBm, 13 dBm and 3 dBm.  This represented a symmetrical optical spectrum 
where the power falls off from the centre wavelength, and the intention was to 
compensate for all wavelengths within the spectrum.  Polarization controller 
PC2 was used to align the SOPs of the centre signal parallel to the SOPs of 
the LSB signal which was aligned along the slow axis of the fibre input.  This 
was done to create the worst case scenario whereby the USB signal 
experienced the highest depolarization possible.  PC4 was used to scramble 
the input SOP.  
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Fig. 6.11: Laboratory test compensation of PMD using the designed PMDC. 
 
The scheme employed the PMD emulators to mimic a real fibre optic 
transmission system. The emulators were locally designed using a 
combination of polarization maintaining (PM) fibres and electro-optic 
polarization controllers [147]. Different emulator states were generated by 
randomly changing the polarization coupling inside the emulator using the 
distributed PCs. As is expected of ideal emulators, the DGD values from our 
emulators produced a Maxwellian distribution.  The PMD statistics are given 
in Fig. 6.12 (a) and (b). 
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Fig. 6.12: Statistics of the PMD emulator used in our experimental work: (a) DGD 
statistics, (b) SOPMD statistics. 
 
The stability of the compensator with changing input power of the sideband 
signals was tested.  Fig. 6.13 (a) and (b) shows the results for the 
compensated and uncompensated DOP of the LSB and USB as a function of 
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time when the input power in either of the two sidebands changed from 3 dBm 
to 6 dBm.  For the uncompensated case, when the input power of the LSB 
signal increased its DOP reduced, while the  USB signal whose input power 
was kept constant had its DOP increased.  
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        (a)       (b)  
Fig. 6.13: DOP with (bottom) and without (top) compensator when input power for 
LSB (a) and USB (b) was changing.  
 
On the other hand in Fig. 6.13 (b) an increase in the input power of the USB 
signal led to an increase in its DOP but the LSB signal was little affected.  
During the input power change, it is observed that the compensator was 
successfully able to track the SOPs in less than a second and compensate for 
the distorted signals. This is evident from Fig. 6.13 (b), where the 
compensated DOP of the three wavelengths was sustained above the 
threshold before and after the change of power, while before compensation 
the DOP for the worst channel was as low as 0.35.   We therefore conclude 
that our compensator is able to compensate for the nonlinear PMD and is 
stable with change of signal power. 
 
 87 
6.6 Field test 
The experimental set up for a field test of the compensator is as shown in Fig. 
6.14. The field test was carried out on a buried cable with six looped fibres 
installed between two Telkom exchange stations at Port Elizabeth, South 
Africa, with a total transmission distance of 84 km. The average first- and 
second-order PMD was 19 ps and 54 ps2 respectively, measured over a 
wavelength range of 50 nm. 
 
 
 
 
 
 
 
Fig. 6.14: Field test compensation of PMD using the designed PMDC. 
 
Fig. 6.15 (a) shows the results of 23 hr continuous DOP measurement of 
PMDC-input and output signals for all three channels. In comparison with 
DOP of PMDC-input (uncompensated) signals, the DOP of the compensated 
signals was maintained above 0.95. This is confirmed in Fig. 6.15 (b) where 
the DOP distribution before and after compensation are plotted. Prior to 
compensation, the channel DOP was as low as 0.4 but after compensation 
the minimum DOP was sustained above 0.95 with an averaged DOP for 
compensated signals being 0.97.  
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It should be noted that we could not display all the data over the whole time 
period because of many data points. We randomly picked on the time range 
displayed in Fig. 6.15 (a); it has no particular significance since for the whole 
time period range the DOP was above 0.95.   
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Fig. 6.15: Compensating for PMD in the buried fibre at Telkom station for three 
channels (a) DOP for uncompensated (top) and compensated signals (bottom) (b) 
DOP occurrence for the uncompensated and compensated signals 
 
 
6.7 Summary of results 
The performance of an optical first-order PMD compensator based on a DOP-
feedback technique was characterized. This was done by determining the 
robustness of the device in the presence of fast and wide variations of the 
input SOPs.  All laboratory tests confirmed that our PMDC is highly efficient 
and reliable. 
 
We designed an adaptive multichannel PMD compensator based on 
feedforward DOP-monitoring signal. It was tested at the laboratory and on a 
Telkom link of 84 km using buried fibre, and found to be effective. It was 
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shown that the monitoring signal used was sensitive to DGD up to a value of 
30 ps and changing the input power of the centre signal only changed the 
DOP of the monitoring signal but could not increase the DGD range. 
Therefore the compensator is limited to compensating up to the maximum 
DGD of 30 ps in the link. 
 
The results showed that our compensator introduced significant improvement 
in all channels within the spectrum, to the extent that the worst channels 
improved with more than 100 %. It has been demonstrated that both the 
nonlinear and the linear PMD in the communication links can be compensated 
effectively using the feedforward technique. 
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CHAPTER 7  
 
SUMMARY AND CONCLUSIONS 
 
The study and understanding of the interaction of PMD and nonlinearities is 
becoming increasingly important for long-haul optical communication 
networks.  The interaction can be particularly complex, since the PMD in 
nature is stochastic and the nonlinear polarization rotation due to nonlinear 
induced birefringence can alter the polarization states of the bits, so that they 
vary from one bit to the next in a way that is difficult to predict. The effects can 
limit the efficiency of polarization division multiplexing and polarization 
interleaving based systems which use independent data sets of two 
orthogonal polarizations on the same frequency to double the total data 
throughput.  In the same way, the effects make PMD compensation become 
impossible. 
 
We have investigated the interaction between the PMD and nonlinear induced 
birefringence in a fibre with consideration of mode coupling. A sound 
knowledge of the interaction between PMD and nonlinear was necessary in 
designing a linear and nonlinear polarization mode dispersion compensator 
for WDM systems, which was successfully carried out. 
 
The effect of nonlinear birefringence-induced polarization rotation in a fibre 
depends on the orientation of the relative input polarization vectors of co-
propagated channels, and the power carried by each polarization vector.  If a 
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polarization vector of each channel is attached to each eigenmode of the 
fibre, the signal is less distorted; but if the vectors are equally resolved into 
the two eigenmodes of the fibre, the interaction is maximized and the signals 
are highly depolarized.  This has worked well for the networks with negligible 
PMD. This has been the technique that has been applied to suppress 
nonlinearities in WDM systems.  
 
In section 6.2 it was revealed that in low links where the state of polarization is 
preserved, the nonlinear induced-birefringence effects scatter the SOPs 
thereby depolarizing the signal.  In contrast, for signals passing through links 
with high polarization mode coupling, the nonlinear birefringence sometimes 
couples with second-order PMD such that it reduces the penalty and improves 
the signal DOP. It was shown that nonlinear birefringence mainly rotates the 
PSPs.   
 
In the process of the investigation, polarization dependent loss (PDL) was 
assumed to be negligible. Since PDL causes polarization orthogonality loss, it 
is possible that it could impair the orthogonality between the multiplexed 
signals and generate coherent crosstalk on the signal in the opposite 
polarization state. The issue of PDL was considered to be beyond the scope 
of this study, and therefore we would recommend that an investigation is 
carried out to account for the effects of PDL in the interaction of PMD and 
nonlinear birefringence on the signal. 
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It was revealed that the nonlinear induced birefringence does not affect 
equally the two axes of the birefringent medium.  The most affected axis has a 
characteristic such that there exists a critical input power of the signal above 
which the nonlinear birefringence suppresses linear PMD.  Since the laser 
sources could not provide power above 13 dBm, we could not conclusively 
say that the less affected axis won’t reach a critical point.  We recommend 
that the investigation be carried out in this respect.  Generally it is a challenge 
for PMD compensation in this regard where the fibre axes are differently 
affected. 
 
An adaptive multichannel PMD compensator was designed with an aim of 
mitigating for linear and nonlinear birefringence on a channel per channel 
basis by monitoring the subcarrier signals. It was test at the laboratory and on 
the Telkom link of 84 km buried fibre loop.  The compensator was found to be 
effective and can compensate for PMD up to maximum DGD of 30 ps. It can 
operate efficiently with 9 dBm power channel.  The results showed that our 
compensator introduced a significant improvement in all channels within the 
spectrum, to the extent that the worst channel improved by more than 100 %. 
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APPENDIX I  
 
SPECIFICATIONS OF COMPONENTS USED IN EXPERIMENTAL WORK 
 
Components Specification 
Polarization controller/scrambler 
(Adaptif A3200) 
SOP switching time: <10 µs 
Insertion loss: <3 dB 
PDL: <0.3 dB 
DGD: <0.1 ps 
Polarimeter 
(Adaptif A1000) 
Wavelength range:1460-1620 nm 
Sampling rate: ≤ 1 MHz 
Tuneable filter FWHM: 1.22 nm 
Tuneable range: 1520-1570 nm 
Insertion loss: 1.8 dB 
PDL: <0.10 dB 
DGD: <0.23 ps 
Tuneable filter FWHM: 0.33 nm 
Tuneable range: 1520-1570 nm 
Insertion loss: 1.8 dB 
PDL: <0.07 dB 
DGD: <0.35 ps 
Variable delayline  DGD range: -65 ps to 65 ps 
Insertion loss: <1.5 dB 
Multiplexer/Demultiplexer No. of channels: 8 
PMD: < 0.1 ps 
Return loss: 46 dB 
PDL: < 0.03 dB 
Femtosecond PMD analyzer 
(FPMD 5600) 
Wavelength range: 1530-1600 nm 
Measurement time: 80 s (data 
acquisition + calculation) 
PMD: < 6 fs 
PDL: <0.10 dB 
 
WDM laser source 
(WDM8000) 
Laser source: DFB laser diode 
Output power: <20 mW 
Channel spacing: ≥ 50 GHz (variable 
channel spacing from 50 GHz) 
Spectral linewidth: <10 MHz 
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RESEARCH OUTPUTS OF THE AUTHOR 
 
2008 
R. Cigliutti, A. Galtarossa, M. Giltrelli, D. Grosso, A. W. R. Leitch, L. Palmieri, 
S. Santoni, L. Schenato and D. W. Waswa, “Design, estimation and 
experimental validation of optical polarization mode dispersion compensator 
in 40 Gbit/s NRZ AND RZ optical systems”, accepted to be published in 
Journal of Optical Fiber Technology.  
 
T. B. Gibbon, L. Wu, D. W. Waswa, A. B. Conibear and A. W. R. Leitch, 
”Polarization mode dispersion compensation for the South African optical-fibre 
telecommunication network”, S. Afr. J. Science., Vol. 104(3), pp. 119-123 
(2008). 
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D. W. Waswa, T. B. Gibbon, L. Wu and  A. W. R. Leitch, “Impact of cross talk 
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Mauritius, paper 119, Sept 2007 
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D. W. Waswa, T. B. Gibbon and A. W. R. Leitch, “Second-order PMD 
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